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Nomenclature

Chap. 2: Experimental and Numerical Methods

A

Ar
Cp
Cok
De
D'
Do
Ea
Ga
Gw
hi
K
L

A

R

yo,

cross-sectional area of the stream tube
pre-exponential factor

total sectional area of the tangential inlet slits
constant-pressure heat capacity of the mixture
constant pressure heat capacity of the kth species

exit throat diameter

thermal diffusion coefficient for species k

diameter of the main section of a swirl burner
activation energy

axial momenta

angular momenta

specific enthalpy of the kth species

forward rate coefficient

quartz tube length

thermal conductivity of the mixture

mass flow rate
static pressure in a cross section of the burner
pressure

radius of the burner exit

universal gas constant in Chap.2

fluid density



Sw swirling number

T temperature
u velocity of the fluid mixture
U axial component of the velocity

Vi diffusion velocity of the kth species

Ux  ordinary diffusion velocity

W tangential component of the velocity
w slit width
w mean molecular weight of the mixture

W;  molar mass of species j

Wi molecular weight of the kth species

W molar rate of production by chemical reaction of the kth species per unit
volume

oy  thermal diffusion velocity

Yy mass fraction of the kth species
Xk mole fraction of the kth species
Chap. 3: Flame Characeristics of Rapidly Mixed Oxygen Enhanced Tubular Flame

Combustion

A section area of the throat

®nm  the m-th solution for dJ/dx =0
Y23 oxygen mole fraction in oxidizer

temperature exponent



C sound speed (m/s)

f frequency of acoustic resonance

fo frequency of Helmholtz resonance

@  equivalence ratio

J,  Bessel function of order n

I length of the combustor

Al correction value for open exit

L;  length of the throat

m order of radial mode (=0,1,2, ...)

n order of circumferential mode (=0,1,2, ...)

N,  order of axial mode (=1,2, ...)

Po reference value of sound pressure level
Q flow rate

r burner radius
Ve volume of the Helmholtz resonator

Chap. 4 Numerical Calculation of Burning Velocities and Chemical Reaction Time

s, laminar flame thickness
S, laminar burning velocity
T, Mixing time

r,  reactiontime

T initial temperature of pre-mixture at inlet

To temperature of products at outlet

T, burned gas temperature

T, unburned gas temperature



Vi

Vo

X

axial velocity of pre-mixture at inlet
axial velocity of products at outlet

length of calculation domain in Chemkin-Pro

Chap. 5 Mixing Process Analysis in Rapidly Mixed Type Tubular Flame Burner

a

velocity gradient

DCH4-OZ mass diffusivity of methane/oxygen

0

On

Z

boundary layer thickness, measured length
mixing layer thickness
stream function

outer stream line

inner stream line

coefficient of mixing layer thickness in boundary layer type flow
coefficient of mixing layer thickness in axisymmetric flow
radius
outer radius
inner radius
average radius
kinematic viscosity
injection velocity

circumferential distance from the start point in flow visualization
distance from the starting point in the boundary layer thickness equation

axial distance



Chap. 6 Discussion on the Requirement for Rapidly Mixed Oxygen Enhanced
Tubular Flame Combustion
M width of the seeded flow in W=1 mm

Y width of the seeded flow in W=2 mm

D,  Damkohler Number



Chapter 1 Introductions

1.1 Introduction

Combustion certainly affects almost every aspect of human activities, from heating
and lighting our homes to powering the various modes of transportation vehicles. As
an important branch, combustion science and technology has been well studied from
fundamental understanding to diverse applications. As a consequence of increased
population and expansion of social development, human society has to face increasing
challenges, say energy shortage, environmental pollution.  According to the
International Energy Agency (IEA), of the current total energy consumption over 80% is
produced from fossil fuels [1]. While the rise in fossil fuel consumption, especially
those with high carbon content such as coal, oil and other heavy hydrocarbons has led to
increasing emissions of carbon dioxide which is believed to be responsible for global
warming [2].

In order to mitigate the growing energy crisis as well as increasing CO, emissions,
efficiency improvements must be put at the forefront of the effort to conserve resources
and reduce the impact of energy consumption on the environment; on the other hand
technology is expected to expand energy resources and the utilization, while
accommodating carbon dioxide capture and sequestration (CCS) is another primary
approach to lowering the CO, emissions [2-4].

In this study, oxygen enhanced combustion is proposed aiming to save energy and
hence reduce the CO, emissions. An inherently safe technique of rapidly mixed type
tubular flame combustion has been experimentally examined to extend it to higher

oxygen concentrations including pure oxygen.
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1.2 Two Challenges

1.2.1 Energy shortage

Energy is considered as the single most important challenge facing humanity today
[5]. Energy consumption rates, now and in the near future, will keep a steady increase
as a result of economic growth and expanding populations in the world. According to
the reference case in International Energy Outlook 2011 [6], world energy consumption
will increase by 53%, from 505 quadrillion Btu in 2008 to 770 quadrillion Btu in 2035.
In detail, Fig. 1.1 shows the fuel consumption history from 1990 to 2008 as well as a
projection till 2035. During the following two decades, despite great growth in
renewable energy and nuclear, liquid fuel, coal and natural gas remain the main energy

resources whose consumption rates increase continuously.

550 History 2008 Projections
Liquids
150 /
Coal
Natural gas
100
Renewables
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0 [ ] | I |
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Fig. 1.1 World energy consumption by fuel 1990-2035(quadrillion Btu) [6].



If such an increasing trend would be kept, considering the limitations on fossil fuel
resources and reserves, challenges of meeting the needs of a growing population are
remarkably highlighted. Hence, plenty of research has been started to develop new
techniques to improve efficiency and to exploit new energy resources [1-3,7-9]. Many
agencies concerning energy have also been established, like IEA (International Energy
Agency) [1] and EIA (U.S. Energy Information Administration) [6] et al.

A recent report, ETP 2010 ([1], drawing on the extensive expertise of IEA and its
energy technology network) demonstrate the many opportunities to create a more secure
and sustainable energy future. Interestingly, it analyzes two different cases: 1)
Baseline scenario, assuming governments introduce no new energy and climate policies;
2) BLUE Map scenario, which sets the goal of halving global energy-related CO,
emissions by 2050 (compared to 2007 levels) and examines the least-cost means of
achieving that goal. An example is analyzed as shown in Fig. 1.2. In the Baseline
scenario, fossil fuels in 2050 remain the major contributor of energy, despite strong
growth in nuclear and renewable energy in absolute terms. The use of fossil fuels in
2050 in the BLUE Map scenario significantly reduces comparing with that in the
Baseline scenario, and the share of fossil fuels in total demand is 59% lower than the
Baseline scenario. In absolute terms, total demand for fossil fuels in the BLUE Map
scenario in 2050 is 26% below the level of 2007. The reduction in fossil-fuel use can
be attributed to energy efficiency improvement.  The total demand of fossil fuels is
reduced in the BLUE Map scenario, however, fossil fuels are still an important
contributor to the energy system. New techniques contributing higher energy
efficiency, hence promoting energy saving are in urgent demands. In this study

oxygen-enriched air combustion, where oxygen is added into air to increase oxygen
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Fig. 1.2 Primary energy demand by fuel and by scenario [6].

concentration in oxidizer, is proposed to save energy.

With some percentage of increase in oxygen concentration, the efficiency of energy
utilization will increase [10]. An example using methane as fuel is shown here. To
obtain 1 kJ energy, for oxygen-enriched air combustion of 30 ~ 40% oxygen
concentration in oxidizer, methane needs to be consumed is about 20 ~ 30 % reduced as
that of methane/air. If further considering the contribution of combustor and heat
recycling system, energy saving about 50% could be achieved [11]. Under higher
oxygen concentration energy efficiency can be improved since some N, which acts as a

diluent is replaced by Oy, resulting in less heat loss (carried away by N>).



1.2.2 Global warming

1.2.2.1 CO, emissions

On the other hand, global warming, caused by increasing concentrations of
greenhouse gases produced by human activities such as deforestation and the burning of
fossil fuels, poses an even more urgent and demanding set of questions.  Greenhouse
gases are defined as water (H,O), carbon dioxide (CO,), methane (CH,4), nitrous oxide
(N20), chlorofluorocarbons (CFCs) and aerosols [2,3]. Among the greenhouse gases,
considering the concentration, carbon dioxide has the strongest effect causing global
warming, except for that of water. However, water concentration in the atmosphere is
least controlled by human activities [2]. Plenty of research works have suggested that
both the average global temperature and the atmospheric CO, concentration have
significantly increased since the onset of industrial evolution, and they are well
correlated [12].

Concerning the increasing emissions of CO,, repeated warnings have been sent
by like IPCC (Intergovernmental Panel on Climate Change) [13], IEA and EIA. It has
been proposed that reductions of at least 50% in global CO, emissions compared to
2007 levels will need to be achieved by 2050 to limit the long-term global average
temperature rise to between 2.0 °C and 2.4 °C [IPCC, IEA]. Though a large degree of
consensus on deep cuts in CO, emissions, difficulties still exist. ETP 2010 highlights
innovative policies and actions that warrant thoughtful consideration and broader
application, including low-carbon technologies, financing, behavioral change, the
transferring of technologies among developed and emerging economies, and discusses

the environmental impacts of key energy technologies [1].


http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Deforestation
http://en.wikipedia.org/wiki/Fossil_fuel

Figure 1.3 shows the ETP scenarios results illustrating the global CO, emissions in
2030 and 2050. It is seen that if the government took no new energy and climate
policies (Baseline) the total CO, emissions will increase dramatically. While if
effective solutions were taken (BLUE Map), it is expected that the global CO,
emissions could be cut its own emissions by 50%.

Different sectors contributing CO, emissions have also been listed and examined
the potential to reduce CO, emissions. Among them, transport, industry and power
generation are three main contributors, which are expected to exhaust less CO;
emissions in future, especially in the field of power generation. Nowadays and in near
future, transport and power generation will be mainly realized by the form of
combustion. Hence the energy utilization efficiency in combustion is a key factor to

save energy and hence reduces the CO; emissions.

ol 60 — W Other
g 50— Buildings
M Transport
40— M Industry
w04 m Other transtormation
B Power generation
20—
10—
0 T T
2007 2030 2050 2030
Baseline BLUE Mc:p

Fig.1.3 Global CO, emissions in the Baseline and BLUE Map scenarios [1].



1.2.2.2 CCS

Gt CO,
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Fig. 1.4 Key technologies for reducing CO, emissions under the BLUE Map scenario [1].

On the other hand, as shown in Fig. 1.4, IEA has proposed a series of technologies

lowering the CO, emissions including improvement in energy conversion and

utilization efficiencies, carbon dioxide capture and sequestration (CCS) and expanding

the use of renewable resources and nuclear energy. It should be noted that the CCS

technique will play the second most important role in reducing the CO, emissions in

2050, which may become one of the most effective methods.

Liquid fuel, coal and natural gas have been and will remain the major energy

resources in the long term, which will result in a continuous increase of CO, emissions.

Consequently, many techniques have been proposed to implement CCS which mainly

includes pre-combustion capture, post combustion capture and oxy-fuel combustion

[3,14]. The number of large-scale integrated CCS projects in operation or under

construction is increasing all over the world [12,15]. And specialized research centers

like the Global CCS Institute [16], Carbon Capture and Sequestration Technologies
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Program at MIT [17] have been established to bring together projects, policy-makers
and researchers in an effort to overcome challenges facing CCS.

The technology for pre-combustion capture is widely applied for fuel either
gasified or reform to syngas, a mixture of carbon monoxide and hydrogen. The
resulting syngas then is shifted into CO, and H; by shifting carbon monoxide with steam
[3]. In post combustion capture, the CO, is removed after combustion of the fossil fuel.
The technology is well understood and is currently used in fossil-fuel burning power
plants and other industrial applications [18-21]. In oxy-fuel combustion, pure oxygen
(O,) or a mixture of O, and recycled flue gas is used as the oxidizer, resulting high CO,
concentration products (usually CO, and H,O) which greatly promotes CO, capture.

Many research works concerning oxy-fuel combustion have been made aiming to
promote CCS technique. Heil et al. [22] experimentally investigated the chemical
effects of high CO, concentration during oxy-fuel combustion of methane with the
flameless combustion furnace. Amato et al. [23] analyzed the CO and O, emissions in
CH4/CO,/O, flames. Coal, as the continuously dominant fuel in terms of power
generation has been proposed to be burned in a CO,/O, mixture, and a lot of researches
have been done on oxy-fuel combustion of pulverized coal concerning the lean
flammability, stabilization and reaction kinetics et al. [3, 24]. Oxy-fuel flame
characteristics in a gas turbine model combustor have also been well studied by Kutne
[25].

While, recently pure oxygen combustion has received keen interest from a
viewpoint of atmospheric environment protection.  Since products from combustion of
hydrocarbon fuels are distinctly identified as a severe source of environmental damage;

carbon dioxide is the main source that causes global greenhouse effects, while NOy is a


http://en.wikipedia.org/wiki/Syngas
http://en.wikipedia.org/wiki/Water_gas_shift_reaction
http://en.wikipedia.org/wiki/Carbon_capture_and_storage#cite_note-13
http://en.wikipedia.org/wiki/Post_combustion_capture
http://en.wikipedia.org/wiki/Oxy-fuel_combustion

major contributor of photochemical smog and ozone in the urban air. Consequently,
accommodating carbon dioxide capture and sequestration (CCS) and minimizing NOy
emission have become two important topics in combustion. Pure oxygen is one
promising approach for low-cost CCS combined with reduction of NOx emissions [7,
26], since NOy formation through the air containing nitrogen is completely inhibited,
and in addition, carbon dioxide can be easily captured and sequestrated. And in this
study, we will also investigate the pure oxygen combustion which accommodates the

CCS technique.



1.3 Oxygen enhanced combustion

1.3.1 Oxygen-enriched air

In a wide variety of industrial heating applications high-purity oxygen has been
added to replace part or all of the air, known as oxygen enhanced combustion, which
advances the combustion processes [27, 28]. Typical applications include metal
heating and melting, glass melting and waste incineration [7]. There are four common
methods for oxygen enhanced combustion, including: (1) adding O into the airstream,
(2) injecting O, into the air/fuel flame, (3) replacing the combustion air with high-purity
O,, and (4) separately providing combustion air and O, to the burner [7].  In this
study, oxygen is gradually added into air stream (type (1), oxygen-enriched air
combustion) until high-purity oxygen (type (3), pure oxygen combustion).

The flame characteristics of oxygen enhanced combustion have big changes from
that of air/fuel combustion: the flame temperature increases significantly by replacing
the N, which acts as a diluent that reduces the flame temperature; the upper
flammability limit increases; the burning velocity increases; the ignition energy
reduces; ... etc. And many benefits can be realized, including: increased productivity,
energy efficiency, turndown ratio, and flame stability, reduced exhaust gas volume and
pollutant emissions [7]. Thus, oxygen enhanced combustion has a great potential to
save energy hence consuming less fuel and lowering the carbon oxide emissions.
However, under high oxygen concentration, due to intense reaction and high burning
velocity, flash back even detonation may frequently occur when the combustion is

conducted through a premixed mode.
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1.3.2 Pure oxygen

During the nineteenth and twentieth centuries, modern pure oxygen combustion
techniques have been developed and they have been widely used in industries, including
glass and ceramic manufactures as well as in the melting and/or cutting processes in
steel-works.

Besides the merits of environmental protection as previously introduced,
comparing with conventional air-firing combustion, pure oxygen combustion also offers
a number of technical advantages in terms of flame temperature, thermal efficiency,
flame stability, heat transfer and pollutant emissions [7].

The aerospace industry has done plenty of research to investigate the high-pressure
combustion of liquid oxygen and liquid hydrogen, however, very limited basic research
has been done, comparing with air/fuel combustion, to study the fundamental processes

in atmospheric flames using pure oxygen. Harris et al. [29] describes some studies

Fig. 1.5 Oxy-methane flame; @ =1, 190kW [29].
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Fig. 1. Diagram of burner with 2 separated jets. Fig. 2. Schematic of furnace model.

Hythane

Fig. 1.6 Burners of two separate jets for hythane in pure oxygen combustion (left:
burner diagram, right: furnace model) [30].

concerning the mixing properties and flame characteristics of methane/oxygen
combustion in a jet-mixing burner. Figure 1.5 shows the methane/oxygen flame
appearance at stoichiometric in Harris’ study, and the mixing, flame structure, flame
intensity and flame blow off were discussed [29]. With two separated jets, as shown in
Fig. 1.6, Yon and Sautet [30] investigated the lame lift-off height, velocity flow and
mixing of hythane in pure oxygen combustion. Beltrame et al. [31] provided a useful
insight into the structure of counter-flow methane/oxygen diffusion flames. Choi et al.
[32] investigated the edge flame structure in a methane/oxygen mixing layer. All these
studies are based on non-premixed combustion.

It is very dangerous if pure oxygen combustion is used in premixed mode;

flashback and destructive detonation may happen, which is more likely to happen than

12



that in the oxygen-enriched air combustion. If the non-premixed mode is used as
above introduced, flash back or detonation cannot occur, however, high temperature
flame area is limited and hence comparing with the premixed mode, some limitations
are put for the applications like heating and manufacturing. Therefore, a very safe
combustion technique is eagerly desired for oxygen enhanced combustion.

In this study, an inherently safe technique is demonstrated, using the rapidly mixed
tubular flame combustion. Because fuel and oxidizer are injected separately, flashback
cannot occur. Although this approach has been previously demonstrated with air as
the oxidizer [33], this paper presents the first application for combustion with high

oXygen concentration even pure oxygen.

13



1.4 Safe technique: rapidly mixed tubular flame combustion

Considering importance of the burner system adopted in this study, some
characteristics of tubular flame as well as structures of tubular flame burner are also
described briefly.

A few decades ago, a tubular flame was found to be established in a rotating and a
non-rotating axisymmetric flow fields [34].  The non-rotating tubular flame, usually
is established in a counter-flow type tubular flame burner, in which a combustible
mixture is injected inward through a porous wall, resulting in a non-rotating
axisymmetric flow field inside the burner. While a swirl type tubular flame burner, as
shown in Fig. 1.7, a combustible mixture is tangentially injected through a slit, resulting

in a rotating axisymmetric flow field inside the burner [34].

U
/GLASS TUBE

TANGENTIAL
INLET SLIT

Glass Wall Glass Wall

wuwy
\.'
i
&

i

Fig. 1.7 A swirl-type tubular flame burner and the appearance of
flame (inner diameter:14.3mm, length: 120mm) [34].
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From a fundamental viewpoint, characteristics of tubular flame have been studied
experimentally [35-43], theoretically [44-49] as well as numerically [50-54], and their
early results are summarized in a review [55].  Among others, merits of tubular flame
characteristics for practical use are that the temperature distribution is symmetric and
the hot burned gas is surrounded by the cylindrical flame, and hence, heat loss is
negligible, and in addition, inside the flame is the burned gas of low density whereas
outside the flame is the unburned gas of high density, and hence, the flame is
aerodynamically stable if the mixture is rotated.

Recognizing these merits, various applications have been proposed and
demonstrated for determining the flammability limits [56,57], stabilizing a flame in a
high speed flow [58], and obtaining a uniform and large-area laminar flame to heat iron
slab or to reduce steel sheet surface [59,60].

For large heat output in practical use, however, premixed combustion is unsafe
because of the occurrence of flame flashback and explosion hazard. Thus, a new
concept of rapidly mixed tubular flame combustion has been proposed [33]. In this
combustion technique, fuel and oxidizer are separately injected into a burner, as shown
in Fig. 1.8. If fuel and oxidizer are rapidly mixed in a strong centrifugal force field in
a tube, combustion with a laminar, tubular flame can be established. Since there is no
supply line of combustible pre-mixture, flame flashback will never occur.

Although a great amount of study has been made for rapidly-mixed type tubular
flame combustion, which is summarized in a recent review [61], the oxidizer used is
limited to air or diluted air. This study aims at studying oxygen enhanced combustion
operated through a rapidly mixed type tubular flame burner.

Concerns about the safety issues as well as the very high flame temperature,

15



oxygen is gradually added into air until pure oxygen environment. As the oxygen
mole fraction in the oxidizer increases, a series of changes occur, for instance, the
reaction intensifies, the flame temperature and the burning velocity increase, and the
inflammability limits enlarge [7], which show big differences comparing with those of
fuel/air. From the fundamental point of view, it is of great interest and also importance
to investigate the flame characteristics including the flame appearances, the

inflammability limits, as well as the stability for various oxygen mole fractions.

Rapidly Mixed

Fuel

Premixed

Premixture Oxidizer

Fuel

Fig. 1.8 Premixed (left) and rapidly mixed (right) type tubular flame combustion [33].
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1.5 Objective

To improve the energy efficiency especially in combustion fields, hence reducing
energy consumption and promoting environmental protection, oxygen enhanced
combustion (oxygen-enriched air and pure oxygen combustion) has been proposed in
this study. Due to the dangers of flash back and detonation, the inherently safe rapidly
mixed type tubular flame technique has been proposed for oxygen enhanced combustion.
From a fundamental viewpoint, experiments have been conducted to investigate the
flame characteristics under various oxygen concentrations including pure oxygen. To
further investigate the flame behaviors under very high oxygen concentration, on one
hand numerical calculation concerning chemical reaction rate has been carried out
through the Chemkin-PRO [62] software; on the other hand to quantitatively estimate
the mixing layer thickness of fuel and oxidizer, measurements have been done with
optically accessible quartz burners and PIV system. Finally the Damkohler number,
which is obtained through the ratio of mixing time to reaction time, has been analyzed
in detail to quantify the requirement for rapidly mixed tubular flame combustion.

In the doctoral work, the issues mentioned above will be studied in detail. The
objectives of this study are as follows:

(1) to investigate the flame appearances, inflammability limits and stable combustion
range under various experimental conditions including: premixed and rapidly
mixed type methane/air, methane/oxygen-air in two types of rapidly mixed
tubular flame burners.

(2) to investigate the flame characteristics of rapidly mixed methane/oxygen tubular
flame combustion, including flame appearances, inflammability limits and stable

combustion range in burners with different slit widths.
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(3) to examine the burning velocity and reaction time of one dimensional laminar
methane/oxygen pre-mixture.

(4) to analyze the mixing process of fuel and oxidizer in the rapidly mixed type tubular
flame burner and estimate the mixing layer thickness in combustion tests.

(5) to provide the requirement for successful establishment of rapidly mixed tubular

flame combustion under high oxygen concentrations.

18



1.6 Summary

In this chapter, two most important topics, energy consumption and global
warming, are analyzed. Investigations related to these two problems are overviewed
and an effective method, oxygen enhanced combusted in a rapidly mixed type tubular
flame burner, has been proposed. For the application of this technique, issues to be
studied are described. Based on these analyses, the motivations, necessities and the
objectives of the present study are clearly described, which described as following:

(1) Two serious challenges for human society, energy consumption and global

warming are addressed.

(2) Oxygen enhanced combustion has been considered as effective in saving energy
and lowering the CO, emissions.

(3) From the viewpoint of safety, inherently safe rapidly mixed tubular flame
combustion is proposed; meanwhile the tubular flame combustion has been
overviewed.

(4) Flame behaviors under various oxygen mole fractions including pure oxygen
are expected to be analyzed.

(5) The burning velocity and reaction rate of oxygen enhanced combustion will be
calculated to yield the reaction time.

(6) The mixing process inside the tubular flame burner will be discussed by flow
visualization obtained from PIV system.

(7) The requirement for successful establishment of rapidly mixed oxygen
enhanced tubular flame combustion will be quantified by Damkohler number.

Furthermore, the contents and corresponding objectives of this study are described

as following:
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Chap. 2 Experimental and Numerical Methods;

Chap.3 Flame Characeristics of Rapidly Mixed Oxygen Enhanced Tubular
Flame Combustion;

Chap.4 Numercial Calculation of Burning Velocity and Reaction Time;

Chap.5 Mixing Process Analysis in the Rapidly Mixed Type Tubular Flame
Burner;

Chap.6 Discussions on the Requirement for Rapidly Mixed Oxygen Enhanced
Tubular Flame Combustion;

Chap.7 Conlcusions.
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Chapter 2 Experimental and Numerical
Methods

2.1 Introduction

This chapter gives a brief introduction about the experimental apparatus used in
this study: through the tubular flame burners experiments were carried out under
various oxygen mole fractions including pure oxygen in combustion tests; in order to
quantitatively investigate the requirement for tubular flame establishment, the mixing
process of fuel and oxidizer was measured by a PIV system with using optically
accessible quartz burners of different slit widths. Hence, the tubular flame burner used
in this study as well as the PIV measurement system is firstly introduced in the
following.

The fuel used was methane, which was the main component of natural gas and
probably the most abundant organic compound on earth. The oxidizer was a mixture
of air and pure oxygen. To acquire the chemical characteristics of the
methane/oxygen-air mixture, two important parameters, laminar burning velocity and
reaction time, were numerically calculated through the Chemkin-PRO [62] software.
The software, the calculation model and boundary conditions are also described in this

chapter.
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2.2 Experimental apparatus

A schematic drawing of the tubular flame burners used in this study is shown in
Fig. 2.1. The burners, made of stainless steel, are very simple in structure, which
consist of four tangential slits and a combustion tube. The fuel is injected from two
parallel slits, while the oxidizer is injected from another two slits (left part). To permit
viewing and photographing the flame, a round quartz window is installed at the closed
end of the burner. To conduct the flame, a quartz tube is used downstream the slits.
After injected from the slits, the mixture of fuel and oxidizer exits from the open side of
the quartz tube and then it is ignited by a torch at the exit.

In this study, two burners of different rectangular slit widths, W=1 and 2 mm, were
used, while the diameter of the burner was 16 mm and the slit length was 8 mm. Two
different lengths of quartz tubes, 50 and 100 mm, were used. The inner and outer

diameters of the quartz tube were 16 and 20 mm, respectively.

8mm
Quartz Window ~

Fuel l :
—
(W=2,1mm) Quartz Tube

AN
N

t )

/ __ Tube Length

(L=50,100mm)

Fig. 2.1 Schematic of the tubular flame burner.
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For the rapidly mixed type tubular flame burner, high injection velocities and
strong swirl rates are preferable in order to promote mixing and stabilizing combustion
[33]. The measurement of swirl strength is commonly accepted by the so-called swirl
number (Sy), the definition of which was given by Beer and Chigier [62]. According
to this definition, the swirl number could be obtained by measured velocity and

pressure profile using the following equation:

_ G, 27 ]5 PWUrdr

"RG, 2R pUlrdr+ 2:R]F prdr

(2.1)

w

in which G, and Ga are the angular and axial momenta, and R, p , W, U and p are the
radius of the burner exit, the fluid density, the tangential and axial components of the
velocity, and the static pressure in a cross section of the burner, respectively.

However, it is usually deficient in the detailed experimental data of velocities
profiles for a swirl burner or a cyclone combustor, the swirl number has often been

defined on the basis of input and exit parameters [34, 64, 65] as follows:

S - G, _ InpuAnguldromentumzD,D,
" RG, D,/2xExifAxiaMlomentumdA

(2.2)

in which Dy is the diameter of the main section of a swirl burner, De is the exit throat
diameter, and Ar is the total sectional area of the tangential inlet slits.  Accordingly, in
this study, the swirl numbers are 6.3 and 12.6 for the burners of slit width of 2 and 1 mm,

respectively. Both swirl numbers meet the requirement of larger than 5 for the
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establishment of tubular flame combustion [33].

Flames were photographed by a conventional video camera (Sony Digital Video
Camera Recorder). Figure 2 shows direct images of the rapidly mixed tubular flame
burner as well as the flame appearances. In the front view (upper left), the broken
lines show the position of the tangential slits, while the dotted circle shows the burner
wall and also the inner wall of the quartz tube. In the side view (upper right), the
round quartz window and the quartz tube are shown.

For the supply of reactants, air is provided by air compressor; from oxygen
cylinder oxygen is supplied and added into the air flow; while from methane cylinder,
methane is separately, tangentially injected into the burner, as shown in the lower right.
All the flow rates are metered by flow meters. Flame front is observed from the front
view through the quartz window, while the downstream flame appearance is

photographed from the side view.

\ = OzlAir .

quartz window

Fig. 2.2 Rapidly mixed type tubular flame burner.
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In oxygen enhanced combustion tests, oscillatory combustion frequently occurs
when the oxygen mole fraction is large (above 0.4). To obtain detailed information
about the oscillation combustion observed in present study, pressure fluctuations were
measured by using a pressure sensor (PCB, HM102A06, maximum pressure 68.95MPa,
response time 0.1psec) and a digital oscilloscope (IWATU, Wave Runner, 64kwards X 4
channels). In case of being burned, the pressure sensor was settled in a quartz tube of
8 mm inner diameter which connected with the combustion tube. The pressure
fluctuation was measured at a position 15 mm upward the exit of the combustion tube,
as shown in Fig. 2.3.  Two types of tubes, L=50 and 100 mm were used in both W=2

and 1mm burners.

Pressure sensor

Fig. 2.3 Measurement of the oscillatory combustion.
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2.3 PIV Measurement

Investigation on the mixing of fuel and oxidizer is very important and indispensable
for the rapidly mixed tubular flame technique which demands that fuel and oxidizer
should be well mixed before reaction starts. To obtain a general concept of the mixing
process, a set of optically accessible quartz burners, with slit widths of 3, 2 and 1 mm,
have been made. With the PIV system deep observations were made aiming at getting

quantitative data for the mixing layer thickness.

2.3.1 Optically accessible burners

In combustion tests, different flames were observed under high oxygen mole
fractions. To investigate the formation of various flames, quartz burners with the same
size as those in combustion tests have been made, as Fig. 2.4 (b)~(d) shown. The slit
widths are 2 and 1 mm, respectively. The inner diameter of the burner is 16 mm. A
quartz burner of 3 mm slit width (Fig. 2.4 (a)) has also been made and measured for
further discussion concerning mixing process.

Figure 2.4 (d) shows an image of the burner with W=1 mm. The burner is two
sides open with a total length of 120 mm. Non-seeded flow is tangentially injected
into the burner through two parallel slits, while seeded flow (with MgO tracer) is
injected from another two parallel slits. Here the non-seeded flow represents the fuel
flow in the actual combustion tests, while the seeded flow represents the oxidizer flow
in the tests. After injected into the burner, the mixing process between non-seeded

flow and seeded flow is recorded by a PIV system as discussed in the following section.
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Fig. 2.4 Optically accessible quartz burners in PIV measurement:
(@) ~ (c) schematics of quartz burners of W= 3, 2 and 1mm,
(d) configuration of the burner W= 1 mm.
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2.3.2 PIVV measurement

Figure 2.5 shows the configuration of the PIV measurement system. In initial
measurement, nitrogen and dry air were used; in further investigation, only dry air was
used for seeded and non-seeded flows. From nitrogen cylinder and air cylinder,
nitrogen and dry air were supplied and then metered by an orifice flow meter. In the
orifice flow meter the gauge pressure were 0.08 MPa for both flows. Magnesium
oxide (MgO) particles with a few microns in diameter were added into one stream
through a particle feeder, while the other stream was the non-seeded flow.

The PIV system consists of a PIV camera (TSI), a double-pulsed Nd:YAG laser
(120 mJ/pulse, 15 Hz), a host computer, and a synchronizer. Double-pulsed laser
sheets were directed to the quartz burner, perpendicularly with respect to the tube axis.
And the observations were made in a plane parallel to the sheet 2 mm offset the center
of the slit. Since around the center area, the number of seeded particles to be
illuminated by the laser sheet was small. If the laser sheet was offset, the number of
particles increased, resulting in higher quality images of the mixing layer. Because a
similar solution exists in the present flow field, the mixing layer thickness remains

unchanged at offset positions.
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Fig. 2.5 Measurement of mixing process with a PIV system.
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2.4 Numerical

In this chapter, the numerical calculations concerning laminar burning velocity and
reaction time are discussed in detail. The calculation of the laminar burning velocities
was performed by mean of simulation of the one-dimensional, planar, adiabatic, steady,
unstretched, laminar flame propagation through with the software of Chemkin-PRO
using the Chemkin Premix code [66, 67]. The detailed reaction scheme GRI-Mech
version 3.0 [68] was used, which considered 53 species and 325 elementary reactions,
including NOyKkinetics. Some information about the Chemkin and GRI mechanism are

briefly introduced firstly.

2.4.1 Modeling description

CHEMKIN software fundamentally enables the simulation of various complex
chemical reactions, including ignition, shock tube, premixed flame, opposed diffusion
flame and internal combustion engine, etc. Reaction Design has offered multiple
products like Chemkin, Chemkin-PRO and Chemkin-CFD to satisfy unique
requirements. Among them, Chemkin-PRO is specifically designed for large chemical
simulation applications requiring complex mechanisms [62].

Chemkin-PRO includes a large choice of Reactor Models to meet the needs of
specific industries. Its advanced solvers and full feature set support the ultimate in
speed, accuracy and solution robustness. For complex models with large mechanisms,
Chemkin-PRO can be over 50 times faster than previous versions of Chemkin in
demanding applications. To gain key insights into Kkinetics dependencies,
Chemkin-PRO includes the Reaction Path Analyzer. Furthermore, this software is

designed to explore the uncertainties as well as predict soot and particle formation [62].
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In this study we seek to determine the laminar burning velocities through Chemkin
Premix code [66, 67] of the Chemkin-PRO package. This code is capable of
predicting temperature and species profiles in two laminar premixed flame
configurations. The first one is the burner-stabilized flame with a known mass flow
rate, which is most often used for analyzing species profiles in flame experiments.
The second flame configuration is the freely propagating adiabatic flame, in which there
are no heat losses and the flame temperatures are computed from the energy equation.

The program accounts for finite rate chemical kinetics and multicomponent
molecular transport. With appropriate governing equations and boundary conditions,
the finite difference discretization and the Newton method are used for solving the
boundary value problem.

The equations governing the steady, isobaric, quasi-one-dimensional flame
propagation can be written as follows:

Mass continuity:

M = puA (2.3)
Energy:
dT 1 d dT '
M————;L A—)+— Y, Vi € — +— hW,=0 (24
™ dx( dx) Cka_lpk KCpk g pkz—1Wk kWi (2.4)
Species:
dY
m Lk ™ +—(pAYka) AWka—O (k=1,...Kq) (2.5)

Equation of state:
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_PW

- (2.6)

Yo,

In these equations x denotes the spatial coordinate; M the mass flow rate (which
is independent of x); T the temperature; Yy the mass fraction of the kth species (gas

species); P the pressure; u the velocity of the fluid mixture; p the mass density; W the

molecular weight of the kth species; W the mean molecular weight of the mixture; R
the universal gas constant; 1 the thermal conductivity of the mixture; c, the

constant-pressure heat capacity of the mixture; cy the constant pressure heat capacity of

the kth species; Wk the molar rate of production by chemical reaction of the kth
species per unit volume; hy the specific enthalpy of the kth species; Vi the diffusion
velocity of the kth species; and A the cross-sectional area of the stream tube
encompassing the flame (normally increasing due to thermal expansion) normalized by
the burner area. In this calculation, by default, the stream tube area is taken to be

constant and equal to unity.

The net chemical production rate W, of each species results from a competition
between all the chemical reactions involving that species. We presume that each
reaction proceeds according to the law of mass action and the forward rate coefficients

are in the modified Arrhenius form,

—E
k, = AT”Ex Al
f p( RT)

(2.7)

32



in which A is the pre-exponential factor, f is the temperature exponent and Ea is
activation energy.

Two options, mixture-averaged formulas and a multicomponent diffusion model are
available to evaluate the transport properties. In current calculation, due to the
importance of the thermal diffusion effects, the multicomponent diffusion model is
considerably more accurate than the mixture-averaged approach. Multicomponent
diffusion coefficients, thermal conductivities and thermal diffusion coefficients are
computed through the solution of a system of equations involving the binary diffusion
coefficients, the species mole fractions, and the thermodynamic and molecular
properties of the species.

For the multicomponent formulation, the correction velocity is not required and the

diffusion velocity (Vy ) is defined as,
Vk :Uk ‘|‘C{4< y (28)

in which , the ordinary diffusion velocity term (U ) is given by the following equation,

uk=%§ijk,jdj. (2.9)

XkW jik
Here, W is the mean molar mass, W, is the molar mass of species j, and dj is defined

as,

The thermal diffusion velocity (@) is given as:
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.
= 2T, (2.11)
Pk

in which DkT is the thermal diffusion coefficient for species k.

2.4.2 Boundary conditions

Initial and boundary conditions are assigned to define the problem environment, as
shown in Fig. 2.6. At the inlet boundary, temperature (298 K), pressure (1 atm) and
composition of the unburned mixture are set to define the initial condition. At the exit
boundary it is specified that all gradients vanish. Because of the importance of the low
molecular-weight species (like [H]), the Soret effect is taken into account, in which the

species diffusive fluxes includes a thermal diffusion component.

g Burning velocity (C1) (flame_speed__freely_propagating:Flame_Speed {C1))

|T Reactor Physical Properties r Grid Properties r Species-specific Properties |

[] Skip Intermediate Fixed-Temperature Salution
Llse Thermal Diffusion (Soret Effect)

2 Use Miture-averaged Transport
® Use Multicomponent Transpart

® Use Correction Yelocity Formalism
) Use Trace Species Approximation

Unburnt Gas Temperature 298.0(K - Il%?

® Automatic Estimated Temperature Profile
) User-specified Estimated Temperature | | I I I | I I |

Optional User-defined Temperature Constraint | _|_|
Pressure 1.0{atm -
Minimurn for Product Estimates 0.0 _|_|
Minimurn for Estimated Intermediate Fraction l].l]I 11 |
Gas Reaction Rate Multiplier 1.0 =| @

[l Use Mew Scheme Far Convective Flux
[[] Use Extrapolation For Species Boundary

Fig. 2.6 Physical properties of the burning velocity reactor.

34



For freely propagating flames the total mass flow rate ( I\/I ) is an eigenvalue and
must be determined as part of the solution [69]. Therefore, an additional constraint is
required, or alternatively one degree of freedom must be removed from the problem.
In Chenkin-PRO it is set to fix the location of the flame by specifying and fixing the
temperature at one point [62]. The distance of the point is calculated from the initial
temperature profile estimation of the code, which insures that the temperature and
species gradients nearly vanish at the cold boundary.

The Burning-Velocity Calculator simulates a freely propagating flame, in which
the point of reference is a fixed position on the flame. In this coordinate system, the
burning velocity is defined as the inlet velocity (velocity of unburned gas moving
towards the flame) that allows the flame to stay in a fixed location, which is an
eigenvalue of the solution method.

To compute an accurate burning velocity, it is important to have the boundaries
sufficiently far from the flame itself so that there is negligible diffusion of heat and
mass through the boundary. In present simulation, calculations start with an initial run
on a very coarse grid that contains only 12 grid points and a computational domain of 3
cm, which was wide enough to encompass the flame. After obtaining an initial
solution on this coarse grid, expanded the domain while reducing/tightening the
parameters that control the degree to which the solution gradient and curvature were
resolved. Repeat this process again until the temperature and species slopes at the
boundaries were close to zero and both gradient and curvature controls were at least 0.1
or less. The parameters varied during continuations runs were defined in the
Continuations panel of the Chemkin-PRO Interface. The continuation runs started

from the solution of the previous run and so rapidly converged to the refined solution.
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During current calculations, usually two continuations were used two extended the
domain to 33 cm (-3 ~ 30 cm) and set the gradient and curvature solutions no more than
0.1. The gradients of gas temperature and major species were checked to make sure

those values were nearly zero at both boundaries.

2.5 Summary

In this chapter, the sizes and structures of the tubular flame burners in combustion
tests and PIV measurements are introduced in detail. The measurements of pressure
fluctuations for oscillatory combustion, measurements of mixing layer thickness by PIV
system are also stated. Numerical calculation model concerning burning velocity and

reaction time are described.
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Chapter 3 Flame Characeristics of Rapidly
Mixed Oxygen Enhanced Tubular Flame

Combustion

3.1 Introduction

The flame shape, flame diameter, inflammability as well as the stable region of
methane/air pre-mixture has been studied using various tubular flame burners [34, 35,
43, 55]. With different sizes of burners the flame characteristics of rapidly mixed
tubular flame combustions have also been well examined [33, 61, 70, 71]. The
oxidizers for theses researches are air or diluted air. Study concerning oxidizer of
higher oxygen mole fractions (above 21%) has not yet been carried out in the rapidly
mixed tubular flame combustion.

In this chapter, an inherently safe technique, rapidly mixed oxygen enhanced
tubular flame combustion has been systematically investigated to promote energy
saving and lower CO, emissions. Oxygen-enriched air combustion, where oxygen is
gradually added into air flow to increase oxygen mole fraction in the oxidizer is firstly
discussed. During this process the flame characteristics including flame appearances,
inflammability limits and stability are investigated in detail. Oscillatory combustion
appeared at high oxygen mole fraction has been measured and discussed by the
measurement of pressure fluctuations. The results maybe support the application of
the oxygen-enriched air combustion.  Furthermore, the flame characteristics of

methane/oxygen-air provide a good reference for the oxy-fuel combustion of methane
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(CH4/0,-COy), which has been proposed to promote CCS technique [23, 24].

Then rapidly mixed methane/oxygen tubular flame combustion has been conducted
to investigate the flame characteristics. Diffusion flames in the burner of W= 2 mm,
tubular flame in the burner of W= 1 mm, and oscillatory combustions in both burners
have been analyzed in detail.  And the Damkohler number is proposed to hopefully
quantify the establishment of rapidly mixed oxygen enhanced tubular flame

combustion.
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3.2 Oxygen-enriched air

Oxygen-enriched air combustion has been widely applied in practice [7, 11].
Here, with the rapidly mixed type tubular flame technique, flame characteristics under
various oxygen mole fractions have been examined. To begin with, the flame
appearances and inflammability limits of methane/air in both premixed and rapidly
mixed type tubular flame combustion will be analyzed, which provide a valuable

reference for rapidly mixed oxygen enhanced tubular flame combustion.

3.2.1 Methane/Air

3.2.1.1 Flame appearances of PM and RM

At first, the actual effect of “rapidly mixing” of fuel and air in rapidly mixed
combustion tests is examined through comparison with the premixed type. To make
the rotational velocity almost equal to that of rapidly mixed combustion, for the
premixed type the pre-mixture is injected from two parallel slits.

The experiments were conducted with different width slit burners, and hence,
influence of different swirl intensity was investigated. Figure 3.1 shows the
appearances of flame under representative rich, stoichiometric and lean conditions.
Here we use the equivalence ratio (@), which is defined as the ratio of the
fuel-to-oxidizer ratio to the stoichiometric fuel-to-oxidizer ratio, to represent the rich
and lean condition. The equivalence ratio for rapidly mixed combustion is the overall
value assuming complete mixing. The left column shows the flame front of the

premixed type (denoted as PM) which were taken from the quartz window installed at
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Front View | Front View Side View

(@ W=2mm
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Front View | Front View Side View

(b) W=1 mm

Fig. 3.1 Appearances of flame in the rapidly mixed type tubular flame burner (PM:
premixed, RM: rapidly mixed, (a) W=2 mm, (b) W=1mm,qQ,, =10 m3u/h).
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the closed end of the burner. The middle shows the flame front of the rapidly mixed
tubular flame, denoted as RM. The right column shows the flame appearances
downstream the burner, which were taken from the side view. Two types of burner,
W=2 and 1 mm, were used. Accordingly the swirl number was 6.3 and 12.6,
respectively. The combustion tube was 50 mm in length.  And the air flow rate was
fixed at a constant value of 10 m*y/h.

For the burner W=2 mm, when the fuel was rich in the pre-mixture (®=1.4), a
uniform flame with strictly tube-like shape is formed, as shown in Fig. 3.1(a). When
the fuel flow rate was reduced, hence reducing the equivalence ratio, the flame diameter
increased, and the flame diameter reached its maximum value around @ =1. With a
further decrease of equivalence ratio (@ =0.8), the flame diameter reduced. The
tubular flame front is always stabilized at a position inside the burner where the burning
velocity balances the radial velocity of the mixture [34, 55]. For methane/air
pre-mixture its maximum burning velocity is around the stoichiometric [72]. With
an/a increase or decrease of @, the burning velocity will reduce, consequently the flame
front will move inside to balance the radial velocity. Therefore the flame diameter
around @ =1 is the largest and it reduces when increase @ at @ >1 and during reducing
Datd<1l.

For the rapidly mixed combustion, from the flame fronts and downstream flames
(middle and left in (a)) the flames were also very uniform. The flame fronts of the
rapidly mixed combustion (RM, middle) seemed somewhat different from those of the
premixed, especially for the rich condition of @ =1.4. The flame diameter becomes
smaller than that of the premixed type. And from the side view, the rich flame with

green-color gradually weakened when the flame flowed toward the exit. At the exit,

41



excess fuel was burned with entrained air illustrating a white appearance. While for
the lean condition, @ =0.8, fuel was insufficient, thus only air entrainment area could be
seen at the exit of the combustion tube.

While for the burner W= 1 mm, uniform flame fronts were observed in the
premixed combustion (PM, Fig. 3.1(b)) and the flame diameter varied with @ just like
that of the W= 2 mm. The flame fronts of the rapidly mixed combustion seemed
almost the same as those of the premixed. The difference of flame diameters between
premixed and rapidly-mixed at @= 1.4 also became smaller. This implies that with
higher swirl number (12.6), fuel mixes better with oxidizer in the rapidly mixed tubular
flame combustion.

To sum up, for current burners of W= 2 and 1 mm, the rapidly mixed air/fuel could
reach nearly the same combustion condition as that of premixed type. The swirl
numbers (6.3 and 12.6) were larger than 5 which was the requirement for same flame

appearance of premixed and rapidly mixed combustion.

3.2.1.2 Inflammability

Next, stable tubular flame regions were measured for both premixed and rapidly
mixed type combustion with use of the 2 and 1 mm slit width burners, respectively. In
the measurements, two combustion tubes of different lengths, L= 50 and 100 mm, were
used. Figure 3.2 shows the results of W=2 mm, in which equivalence ratios (&) at
extinction were plotted against the air flow rate (Qair).

As is well known, the standard lean and rich flammability limits for methane/air

mixtures are 0.5 and 1.68 in equivalence ratio [73], respectively. It is seen in Fig. 3.2
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that in the case of premixed combustion with the 100 mm length combustion tube, the
equivalence ratios at lean and rich extinction limits are about 0.5 and 1.5, respectively.
The lean limit (0.5) is close to the standard lean limit (0.5), while the rich limit (1.50)
becomes slightly smaller than the standard rich limit (1.68) due to the so-called Lewis
number effect [34, 55]. When the combustion tube is short in length (50 mm), the
equivalence ratio at the lean limit increases with an increase in the air flow rate, which
seems to be caused by the strong swirl that entrains cold air. While for the rich
condition, the entrained gas plays little effects on the rich limit. ~ Since entrained gas is
hot burned gas resulting from excess fuel burned in ambient air.  The entrained cold air
seems ineffective to influence the lean limit when the tube length is increased to 100
mm, since the entrained cold air may not be able to reach the burner root where the
flame is stabilized. Even assuming it could be, during such a long distance (100 mm),
the cold air would have been heated by surrounding flame. Consequently, the lean
limit obtained at L=100 mm does not change with an increase of air flow rate.

In the case of rapidly mixed combustion with the 200 mm combustion tube, the
equivalence ratios at the lean limit are slightly less than those of premixed combustion,
while the equivalence ratios at the rich limit almost coincide with those of premixed
combustion. When the combustion tube is shortened (50 mm), the equivalence ratio at
the lean limit increases with an increase in the air flow rate, as observed in the premixed

case.
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Fig. 3.2 Extinction limits of methane/air flame (W=2mm).

Stable tubular flame regions for the 1 mm slit burner are also mapped for both
premixed and rapidly-mixed type combustion, as shown in Fig. 3.3. The upper air
flow rate is 11 m3y/h, which is limited by the burner size (small injection slits). It can
be seen that the rich limits for premixed and rapidly-mixed combustion obtained at
L=50 and 100 mm are almost the same, around @ = 1.5. The lean limits for L=100
mm remain constant (& =0.5), while those for L= 50 mm increase sharply from the
initial air flow rate (4 m*y/h), which is caused by the much high swirl rate (Sw= 12.6).

It may be important to note that the rapidly mixed combustion can be achieved for
standard flammable mixtures in the present burners, although an entrainment of cold air

due to strong swirl sometimes narrows the flammable range.
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Fig. 3.3 Extinction limits of methane/air flame (W=1mm).
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3.2.2 Methane/oxygen-air
3.2.2.1 Flame appearances

Next, we have investigated the flame characteristics of oxygen enriched air
combustion, using a mixture of air and oxygen as oxidizer. Observations were made
using the burner of 2 mm width slit and 50 mm length tube. Oxygen was gradually
added into the air. Figure 3.4 shows the variations of flame appearances with the
oxygen mole fraction less than 50% in the oxidizer (f< 0.5). The air flow rate was
kept constant (10 m3\/h) during this procedure, while oxygen flow rates are 0, 2 and 4
m3w/h, respectively. The methane flow rate was initially set to 1 m®y/h and then it was
gradually reduced. The oxygen mole concentration in the oxygen/air mixture is given
as = (0.21Qair + Qo2)/(Qair + Qo) -

For the case of g = 0.21 (upper in Fig. 3.4), as has been introduced previously, very
uniform flame fronts were observed and with a decrease of methane flow rate (from left
to right), hence a decrease of overall equivalence ratio, the flame diameter decreases.
An oxygen stream with flow rate of 2 m*\/h was then added into the air stream (8 =
0.342, middle), and initially a uniform tubular flame with very thin front was obtained.
With decreasing the methane flow rate, the flame diameter and luminosity gradually
decrease. When the methane flow rate was further reduced to 0.8 m3y/h, the flame
front became thick and hence the flame luminosity increased. When the oxygen mole
fraction was further increased to 0.436 (lower), a uniform flame with thin front was
obtained. =~ Owing to low equivalence ratio, flame luminosity seemed weaker
comparing with the other two at the same methane flow rate. The flame diameter and

the luminosity reduced with a decrease of methane flow rate and finally extinguished.
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Fig. 3.4 Flame appearances of methane/oxygen-air mixtures for g < 0.5
in the rapidly mixed combustion (W=2 mm, L=50 mm).
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Fig. 3.5 Flame appearances of methane/oxygen-air mixtures for 0.5< < 0.7
in the rapidly mixed combustion (W=2 mm, L=50 mm).

With a further increase of the oxygen mole fraction, the flame front became

deformed at large methane flow rate, as shown in Fig. 3.5. The oxidizer flow rate was
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kept constant (14 m*/h) and the methane flow rate was gradually reduced from 1 m*/h.
When the value of £ was 0.55 (upper), initially the flame was deformed as elliptic rather
than circular (&= 0.260). Inside the deformed blue flame, a circular flame front
appeared.  However, with decreasing the methane flow rate to 0.9 m®y/h (®=0.234),
the flame became circular-shaped and uniform, and extinguished if further decreased.
For 8 = 0.661, even the methane flow rate was reduced to 0.8 m*w/h (#=0.173),
deformed and non-uniform flame was observed. And a uniform tubular flame was
obtained at the equivalence ratio of @=0.162. It should be noted that accompanying
these deformed flames, a vibratory combustion occurred which resulted in a strong
noise. The pressure fluctuations of the vibratory combustion will be discussed in later
section.

With a further increase of f to 0.774, as shown in Fig. 3.6 (upper), a luminous zone
appeared around the center of the burner, which was accompanied by intense vibratory
combustion. Detailed observations show that two diffusion flames, denoted by two
arrows, were anchored at the exits of the fuel slits. With a decrease of equivalence
ratio, however, a steady, quiet tubular flame was established and was maintained until
extinction. While for g = 0.868 (middle), the anchored diffusion flames were observed
even at low equivalence ratio (©=0.125).

For the case of pure oxygen oxidizer (=1.0, lower), however, intense turbulent
combustion was observed within the present experimental conditions. The anchored
diffusion flames which were observed previously (5=0.77 and 0.868), became much
more distinct. It is significant to note that a uniform tubular flame was established
just before extinction, and that the equivalence ratio at extinction is 0.09, which is even

below the methane/oxygen lean limit of @=0.109 obtained by Coward et al [73] using a
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Fig. 3.6 Flame appearances of methane/oxygen-air mixtures for g >
0.7 in the rapidly mixed combustion (W=2 mm, L=50 mm).

2 inch diameter tube.

3.2.2.2 Inflammability

Figure 3.7 shows the mapping of the uniform tubular flame region in the @-f plane,
which is obtained by decreasing the methane flow rate from 1 m3y/h while keeping the
oxidizer flow rate at a constant of 14 m>w/h (except for 10 m®y/h of pure oxygen, which
is limited by the apparatus). As seen in Fig.3.7, with an increase of oxygen mole
fraction the extinction limit in equivalence ratio decreased. When the oxygen mole
fraction is larger than 0.55, oscillatory combustion occurs at higher equivalence ratio
and occupies most area in equivalence ratio. While the tubular flame region is quite
limited close to the extinction limit; the range in equivalence ratio becomes narrower

and narrower with increasing .
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Fig. 3.7 Mapping of various flame regions (W= 2 mm, L= 50 mm).

As previously discussed, the lean limit of methane/air tubular flame combustion is
influenced by the entrained air when the combustion tube is short (50 mm). Thus, a
100 mm tube is used to reduce the influence of the entrainment of ambient gases.
Using the burners with slit widths of 2 and 1mm, observations were made.
Considering the upper flow limit in pure oxygen condition, the flow rate of oxidizer was
kept at a constant value of 10 m®/h. When reduced the methane flow rate, hence
reducing the equivalence ratio, oscillatory combustion, tubular flame, and extinction
were observed in turn. Various regions were mapped and the results were shown in
Fig. 3.8.

When the oxidizer mole fraction is less than about 0.4, for both burners of W= 2 and
1 mm, stable tubular flame has been obtained in large equivalence ratio range. For j

above 0.4, oscillatory combustion appears at large equivalence ratio and this oscillatory
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combustion region enlarges with an increment of 5. With a decrease of equivalence
ratio, tubular flame is obtained and maintained until extinction.  Though the tubular
flame ranges become narrower and narrower with increasing the oxygen mole fraction,
the tubular flame range measured in the burner of W= 1 mm is larger than that of W= 2
mm when is g larger than 0.44.

The lean limits are almost the same for both burners.  With an increment of oxygen
mole fraction, the lean limit reduces. For methane/air ( f= 0.21), the lean limit is
0.475 in equivalence ratio; for methane/oxygen (= 1.0) the lean limit reaches 0.10.
Comparing with Fig. 3.7, if the 100 mm tube is used, the tubular flame region is

enlarged a lot than that of 50 mm tube.

1-2 ' I ' I ' I ' I '
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Fig. 3.8 Mappings of various combustion regions in the rapidly
mixed type combustion (L= 100 mm).
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It is very interesting to note that for methane/oxygen combustion, just before
extinction the methane concentration in fresh gas is about 4.75%, which is very close to
the extinction limit for methane burned in nitrogen-diluted-air [73].  Since at lean
condition, the excess gas, which is mainly nitrogen/oxygen, or oxygen, just plays a role
of dilution. The heat specific for nitrogen and oxygen is almost the same thus heat loss
is also nearly the same, resulting in the same lean limit in fuel concentration. As
shown in Fig. 3.9, when oxygen mole fraction is less than 0.21, Cowards and Johns [73]
provided the lean limit with 5.15% methane concentration in the methane/air-nitrogen
mixture.  While in the study, the extinction limit for methane/oxygen-air mixture
where oxygen mole fraction is larger than 0.21, has been measured in both burners
using the 100 mm combustion tube. The methane concentration in

methane/oxygen-air mixture is almost constant, about 4.75%.

8 T I T I T I T I T
7_ _
< or i

<

T bp=-=-=--- — -
o | 00000 = -
S A )
3L —v— W=2mm L=100mm |
A —O0— W=1mm L=100mm i
oL = = = Coward and Jones (Air+N ) _
1 ]
0_ ] ] ] ] ] ] ] ] ] ]
0 0.2 0.4 0.6 0.8 1

Fig. 3.9 Variations of fuel concentration at lean limit with the oxygen mole fraction f.
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3.2.2.3 Oscillation combustion

In oxygen enriched combustion tests, oscillatory combustion frequently occurred
when the oxygen mole fraction was large (above 0.4). To obtain detailed information
about the oscillation combustion observed in present study, pressure fluctuations were
measured by using a pressure sensor and a digital oscilloscope. FFT frequency
analysis corresponding to the pressure fluctuations was performed using a computer.
In the FFT frequency analysis the reference value of the sound pressure level was Py =
2.0x10° Pa.

Typical oscillation combustion in combustor mainly includes the Helmholtz type
and acoustic resonance type [74-77]. A brief introduction on the oscillation
combustion modes is given in the following.

The first type is the Helmholtz resonance. For the tubular flame combustor, the
vacant space formed between the burner itself and the combustion tube could be
considered as a Helmholtz resonator. The exits of the tangential slits where the fuel
and oxidizer are injected are considered as the throat. Thus, the resonance oscillation

frequency of Helmholtz type is given by the following equation,

C | A
f,=— 3.1

fo: frequency of Helmholtz resonance
C: sound speed (m/s)

As . section area of the throat

V¢ volume of the Helmholtz resonator

Ls : length of the throat

Corresponding to current tubular flame burner size, relevant parameters are
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calculated as follows: As = 6.4X10° m?, Vc= 1.31X10° m®, Ls=0.02 m. Sound
speed (C) is based on the equilibrium composition calculated from chemical equilibrium
[78] and corrected by the measured gas temperature. The temperature in this study has
not been measured, and the calculated adiabatic flame temperature is used to calculate
the sound speed. For the case of = 0.661, @ = 0.216 the adiabatic flame temperature
Is 1772 K, and C = 792 m/s; for = 0.868, @ = 0.192, the adiabatic flame temperature is
1939 K, and C = 817m/s. Thus for the cases of g = 0.661 and 0.868 in the burner of
W=2 mm and tube length of 50 mm, the oscillation frequency is 1972 and 2034 Hz,
respectively.

On the other hand, there exists the oscillation caused by the acoustic resonance,
which includes three modes: axial mode, circumferential mode and radial mode. The
axial mode has been common recognized in burners under practical use [76,77]. It’s
nature oscillation frequency for the one side close while one side open model could be

determined in a form that,

¢ _C(en, -1

401+ A) (3:2)

f : frequency of acoustic resonance
N, : order of axial mode (=1,2, ...)
| :length of the combustor

Al : correction value for open exit

The length of the combustor in current analysis is 65 mm, while the correction
value (0.3 X burner diameter) is used which is based on the geometry of the open exit

[77]. With the burner size and combustion condition, the frequency could be obtained
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through Eq (3.2).

For the circumferential and radial mode, meanwhile considering the axial mode
simultaneously, and assuming zero velocities of all the particles at the burner wall, the
oscillation pressure frequency for acoustic resonance could be determined by the

following equation [74,76].

2 2
f 23\/(anm} _'_((an _1)”J (3.2)
2z r 2(1 + Al)

f :frequency of acoustic resonance
Onm: the m-th solution for dJ/dx =0
J; : Bessel function of order n
n :order of circumferential mode (=0,1,2, ...)
m : order of radial mode (=0,1,2, ...)
r  :burner radius

N, :order of axial mode (=1,2, ...)

The detailed vale of &,y could be found in the literatures of Refs. [79] and [80].

Introducing the detailed parameters in current analysis, the nature frequency of the
acoustic resonance could be obtained.

The oscillatory combustion observed at f = 0.661, @ = 0.216 in the 2 mm slit
burner with 50 mm length tube were measured. The pressure fluctuations were shown
in Fig.3.10. Within the measured time period, pressure fluctuations were above +5 kPa
and some were even close to £10 kPa.  Fig. 3.11 shows the corresponding FFT results.

The sound levels were above 110dB which were close to that of the aircraft engine.
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Fig. 3.10 Pressure fluctuations for # = 0. 661 (W=2 mm, L= 50 mm, Qo, =8.0 m3n/h
Qair=6.0m°n/h, Qg =1.0m3n/h, ©=0216).

{1 0| ——

=
(@)}
o

140

120

100

Pressure fluctuations [dB]

107 10°  10°

o
o

Frequency [Hz]

Fig. 3.11 Pressure fluctuations spectra for g =0. 661 (W= 2 mm, L=50 mm,
Qo, =80m°n/h, Qair=6.0m°n/h, Qgy, =LOm3n/h, @=0.216).
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The frequencies for the appearances of peak-sound-level were 1220, 2210, 4090,
6300...Hz, which were listed in Table 3.1. The measured frequencies were different
from those of Helmholtz resonance calculated through Eq.(3.1). The frequencies for
the axial mode and circumferential/radial mode were calculated through Egs. (3.2) and
(3.3), where the sound speed was given from chemical equilibrium (C =792 m/s). The
results were also listed in Table 3.1. For the circumferential/ radial mode, the
frequencies were much larger, above 20000Hz, which were beyond the frequency that
human being could hear. Thus current oscillatory combustion may not belong to the
circumferential or radial mode.

The frequencies of axial mode with different orders of n, were also different from
experimental measurements. In the experiment due to high flame temperature, the
pressure sensor was kept in some distance from the combustion area. It was possible
that the sound speed in the vicinity of the pressure sensor was much smaller than the

calculated value. Here C=340 m/s was assumed to calculate the axial mode. The

Table 3.1 Frequency analysis (left: experimental, middle: axial mode, right:
circumferential and radial mode).

Experimental Axial mode Radial mode
Frequenc Frequenc m
Peak d Y n, d Y
(Hz) (Hz) n 1 2 3
1st 1220 0 2918 3
2 0 | 60260 | 110190 | 159970
2nd 2210 1 8754 <
T | 1| 28820 | 83880 | 134330
3rd 4090 2 14589 .Fé’
>
4th 6300 3 20425 2 | 2| 47850 | 105470 | 156830
(@)
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calculated frequencies were 1214, 3643, 6071, 8500...Hz, which seemed close to the
first, third and fourth measured frequencies. This means that the oscillatory
combustion seemed to belong to acoustic resonance of axial mode. The measured
result is different from the oscillatory combustion in premixed tubular flame
combustion measured by Shimokuri et al. [81], which was circumferential mode.
Anyhow, further experiments are expected to measure the pressure fluctuations.

With the same apparatus, oscillatory combustion occurred at 5 = 0.868, @ = 0.192
was also measured. Since it was just before the onset of tubular flame combustion,
the pressure fluctuations became smaller, which were around +5 kPa, as shown in Fig.
3.12. Figure 3.13 shows the FFT results. The sound level was also above 110 dB.
And the measured frequencies for peak pressure fluctuations also seemed to close to

the axial mode.
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Fig. 3.12 Pressure fluctuations for £ =0. 868 (W=2 mm, L= 50 mm, Q,, =10.0 m*n/h,

Qair=20m°Nn/h, Qg =1.0 m*n/h , @ =0.192).
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Fig. 3.13 Pressure fluctuations spectra for g =0. 868 (W= 2 mm, L= 50 mm,
Qo, =10.0m®n/h, Qar =20 MmN/, Qgyy, =1.0 M3/, @ =0.192).
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3.2.3 Summary

In this section flame characteristics of rapidly mixed methane/oxygen-air tubular
flame combustion have been investigated. The following are concrete conclusions:

(1) For methane/air, premixed and rapidly mixed combustion were tested. The flame
appearances of rapidly mixed type combustion were almost the same as those of
premixed type, however, those in W= 1 mm perform better than W= 2 mm due to
higher swirling rate. And it is important to note that the rapidly mixed combustion
can be achieved for standard flammable mixtures in the present burners.

(2) When the oxygen mole fraction is less than 40%, rapidly mixed tubular flame
combustion of methane/oxygen-air could be achieved within flammable range,
which has almost the same flame appearances as that of methane/air.

(3) When the oxygen mole fractions are increased above 50%, the circular tubular flame
deformed as elliptical shape accompanied by intense vibration. With a decrease of
equivalence ratio, stable circular tubular flame is obtained.

(4) When the oxygen mole fractions are increased to 77%, diffusion flames are
anchored at the exits of the fuel slits, resulting in intense oscillatory combustion.
Steady tubular flame is obtained under very lean condition.

(5) The tubular flame ranges under various oxygen mole fractions are investigated with
constant oxidizer flow rates in both burners of W=2 and Imm. With an increase of
oxygen mole fraction, the tubular flame range in equivalence ratio becomes narrow
and limited at the lean side.

(6) The pressure fluctuations of oscillatory combustion at f = 0.661 and 0.868 are
measured and analyzed. The oscillatory combustion seems belong to the acoustic

resonance of axial mode.
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3.3 Pure oxygen

Pure oxygen combustion is proposed to improve efficiency and accommodate CCS
technique. In case of dangers of flash back and detonation, in this study, the safe
technique of rapidly mixed type tubular flame combustion has been proposed for pure
oxygen combustion. In previous section, the methane flame characteristics of various
oxygen mole fractions in oxidizer have been investigated. Diffusion flames were
observed at high oxygen mole fractions, which resulted in oscillatory combustion and
limited the tubular flame range in a narrow equivalence ratio range closing to the
extinction. To make deep a study on pure oxygen combustion in rapidly mixed type
tubular flame burner, the combustion tests were carried out in two types of burner. For
the burner of W= 2 mm, the equivalence ratio, the methane flow rate and the oxygen
flow rate were kept constant to investigate the flame characteristics, respectively. The
oscillatory combustion was also analyzed with pressure fluctuation and FFT analysis.
For the tests in the burner of W= 1 mm, quartz tube of 50 and 100 mm were used, and
tubular flame were obtained at low equivalence ratios. Stable tubular flame ranges
were plotted under various oxygen flow rates.

With almost the same experimental conditions (same oxygen flow rate and nearly
the same methane flow rates), diffusion flames and tubular flames were obtained for the
burners of W= 2 and 1 mm, respectively. ~ When the methane flow rate was large,
hence large equivalence ratio, oscillatory combustion occurred. To quantitatively
analyze the requirement for rapidly mixed type pure oxygen tubular flame combustion,

the Damkohler number is proposed.
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3.3.1 Flame appearances

In this part, the appearances of pure oxygen flames are examined in detail.
Diffusion flame, tubular flame and turbulent flame are well depicted under various

conditions.
3.3.1.1W=2mm

As mentioned before, for the 2 mm slit width burner, diffusion flames were
anchored at the exits of the fuel slits. The existence of diffusion flame interrupts the
mixing between methane and oxygen, resulting in a non-premix flame and sometimes
oscillatory combustion. To well understand the diffusion flame, the tests are
conducted from three aspects.

At first, keep the equivalence ratio constant (@ =0.20) while increasing both fuel
and oxygen flow rates. Results were shown in Fig. 3.14.

The broken lines show the positions of the tangential slits, while the broken circles

show the position of the burner wall. When the flow rate was small (left,
Qo, =2 m3n/h), two clear diffusion flames were anchored at the exits of the fuel slits.
Since at low equivalence ratio (@ = 0.2), the mean tangential velocity of methane was

one tenth that of the oxygen. Owing to the relatively lower inlet velocity of fuel, the

diffusion flames were anchored at the exits of the fuel slits. With doubling the flow
rate (Qo, =4 m3n/h), due to increased injection velocity, flame tips were extended
downstream the slits, resulting in an appearance of weak luminous zone in the center,
which was accompanied by vibration. When the oxygen flow rate was further
increased to 5 times (Qq, =10 m3n/h) , the diffusion flames became weaker while the
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luminous flame zone around the center was expanded and intensified. An intense
turbulent combustion was prevailed downstream the slits.  Since the diffusion flame is
limited by mass diffusion, when increasing the flow rate, hence increasing convection
velocity, diffusion velocity became much smaller comparing with the convection
velocity. Consequently most of the fuel flew downstream the fuel slits and then
burned in the swirling flow. Thus, an increase in the injection velocity can weaken the

diffusion flame, however, at large flow rate turbulent combustion appears.

Fig. 3.14 Flame fronts of methane/oxygen in the burner of W= 2 mm and
©=020 (Qq, = 2(left), 4 (middle) and 10 (right) m3n/h).

Next, oxygen flow rate was fixed at a constant value. In case of strong turbulent

flame at large injection velocity, the oxygen flow rate was set as Qo, =2 m3n/h,

while the methane flow rate was gradually increased. Results were shown in Fig. 3.15.

When the methane flow rate was small (left, Qc,, =0.2 m3n/h), two clear

diffusion flames were anchored at the exits of the fuel slits. With doubling the

methane flow rate (middle, Qgy , =04 m3n/h), the total equivalence ratio increased

and the injection velocity of methane also increased. Thus, while the flame tips
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extending, excess fuel not consumed by the diffusion flame was burned downstream the
slits, resulting in a luminous flame zone in the center, which was accompanied by
vibration. When the methane flow rate was further increased to 1 m®y/h (right), where
the total equivalence ratio was 1.0, the intensity of the vibration increased. In detailed
observation, the diffusion flame anchored at the fuel exit became weak, however,
another two weak diffusion flames were anchored at the exits of the oxygen slits
(denoted by the two arrows). Due to very high flame temperature, the quartz tube was

heated, and a reddish area appeared around the burner wall.

Fig. 3.15 Appearances of methane/oxygen flames (W= 2 mm, L= 50 mm,
Qo, =2.0m®n/h, Qcp, =0.2(left),0.4 (center), 1.0 (right) m®n /h).

Finally, under constant methane flow rate (Qcy 4 =1m3y/h) while increasing the

oxygen flow rate, flame appearances were discussed, as shown in Fig. 3.16.  When
the oxygen flow rate was 5 m®y/h (left), @ =0.4, two weak diffusion flames were
anchored at the exits of the fuel slits. A luminous flame zone occupied most area
inside the burner. When increased the oxygen flow rate to 6 m/h (middle), @ =0.33,
due to reduced equivalence ratio the luminosity of the center zone became weaker.

Two weak diffusion flames still anchored at the exits of fuel slits. When oxygen flow

64



rate was further increased (right), the luminous zone as well as the diffusion flames
became weaker due to reduced equivalence ratio, meanwhile the luminous zone shrank
owing to increased oxygen injection velocity. For these three cases, strong vibration

was observed during the tests.

Fig. 3.16 Appearances of methane/oxygen flames (W= 2 mm, L=50 mm,
Qchy =1.0mn/h, Qo, =5.0 (left),6.0(center),8.0(right) m®n /h).

Above all, diffusion flames played a dominant role in the burner of W=2 mm. The
diffusion flames may be weakened through an increase in injection velocity, however, it
is not enough to achieve tubular flame combustion by simply increasing the injection

velocity.
3.3.1.2W=1mm

However, with the 1 mm slit width burner and under lean conditions, tubular

flame was successfully achieved.  Figure 3.17 shows the flame front under different

methane flow rates but the same oxygen flow rate ( Qo, =8 men/h ). The length of

the quartz tube was 50 mm. When the methane flow rate was large (left,
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Fig. 3.17 Appearances of methane/oxygen flames (W= 1 mm, L= 50 mm,
Qo, =8.0m*n/h, Qcp, =1.0(left),0.65(center),0.45(right) m®n /h).

Qch, =1 m3n/h ), comparing with the same case as the right figure in Fig. 3.16 shown,

the diffusion flames disappeared. Instead, close to the burner wall a blue flame ring
appeared while a luminous zone occupied the center area. With a decrease of methane
flow rate to 0.65m>/h (middle), a steady tubular flame with uniform front was obtained.
The flame front was almost the same as the methane/air flame.  Further decreasing the
methane flow rate to 0.45 m3y/h (right), the luminosity as well as the flame diameter of
the tubular flame reduced due to the decrease of equivalence ratio. The tubular flame
was maintained until extinction if further decreasing the methane flow rate.

Figure 3.18 shows the front (left) and side (right) views of the flames. Oxygen

flow rate was 10m°n/h.  When the fuel flow rate was large (0.9 m3N/h), turbulent
flame with intense vibration was observed (upper). It is seen in the front view that an
intense luminous zone occupied the whole burner. Due to incomplete combustion
around the slits, combustion continued downstream the tube. However, with reducing
the fuel flow rate to 0.85m3n/h, a steady tubular flame was suddenly established,

although the flame front was slightly wrinkled as shown by the side view. With a

further decrease of fuel flow rate, the tubular flame was maintained until extinction.
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Fig. 3.18 Appearances of methane/oxygen flames with burner of W=1 mm, L=100 mm
(Qo, =10.0m>h,, upper: Qgy, =0.90m°h, lower: Qg,, =0.85m°h).

O [

Fig. 3.19 Appearances of methane/oxygen flames with burner of W=1 mm, L=100 mm

(Qo., =6.0m3n/h ,upper: Qq, =0.55m3n/h, lower: Qe , =0.5m3n/h).
O2 CHy CHg

With oxygen flow rate of 6 m3N/h, Fig. 3.19 shows the front (left) and side (right)

views of the flames. The same phenomenon as that of Fig. 3.18 was obtained.
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3.3.2 Inflammability (W=1mm)

In the 1 mm slit width burner, tubular flame was obtained at lean condition. At
large equivalence ratio oscillatory combustion occurred. With the 50 and 100 mm
length tube, the stable tubular flame range was measured under various oxygen flow
rate. As shown in Fig. 3.20, various flame ranges including oscillatory combustion,
tubular flame and extinction are plot against the oxygen flow rate. The oxygen flow
rate was increased from 4 to 10 m3y/h. The results obtained from the 50 and 100 mm
length tubes are almost the same. When the equivalence ratio is larger than about 0.18,
oscillatory combustion occurs. When reduce the equivalence ratio, from 0.11 to 0.18
stable tubular flame could be obtained. And the extinction occurs around the

equivalence ratio of 0.11.
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Fig. 3.20 Methane/oxygen tubular flame regions (W=1 mm, L=50, 100 mm).
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3.3.3 Oscillatory combustion

In combustion tests, though pure oxygen tubular flame has been obtained,
oscillatory combustion frequently occurred for both W= 2 and 1 mm burners. To give
detailed information, the pressure fluctuation as well as the FFT frequency analysis of
different conditions, including oscillatory combustion in W= 2 mm with L= 50 mm,
tubular flame in W=1 mm with L= 50 mm, and oscillatory combustion in W= 1 mm
with L= 100 mm were measured and compared, respectively. The reference value of
sound pressure level was also Py=2.0 X 10 Pa.

As previously has been introduced, the oscillatory combustion occurred at high
oxygen mole fractions seems belong to the axil mode acoustic oscillation.  Here to
obtain detailed data concerning pure oxygen combustion, the pressure fluctuations and
corresponding spectra were investigated, as Figs. 3.21 ~ 3.26 shown.

Using the 2 mm slit width burner with 50 mm length tube, with oxygen flow rate
of 4 m\/h and methane flow rate of 0.3 m*/h, diffusion flame accompanied by intense
oscillation was observed (as shown in Fig. 3.27). The measured pressure fluctuations
were shown in Fig. 3.21. Within the measured time period, pressure fluctuations were
above + 5kPa. And high pressure fluctuations above + 10kPa even close to + 20kPa
were frequently measured. Figure 3.22 shows the corresponding FFT results. The
sound levels were above 120dB which were much closed to the aircraft engine. The
peak values were even above 140dB which occurred at the frequencies of 1420, 2390,

4490, 7320, ...Hz.

69



20 | : | : | ' T

AP(kPa)

-10j

17 14  1s

Time(s)

Fig. 3.21 Pressure fluctuations (W= 2 mm, L= 50 mm, Qo, =4.0 m3n/h,
Qch, =0.3m*n/h, @ =0.15).
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Fig. 3.22 Pressure fluctuations spectra (W=2 mm, L= 50 mm,
Qo, =4.0m°n/h,  Qcy, =03mn/h,@=0.15).
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With the same flow rates and tube length, tubular flame was obtained with the 1 mm slit
width burner, and the pressure fluctuations were measured as shown in Fig. 3.23.
Comparing with the case in W=2 mm, the pressure fluctuations were much smaller,
most of which were less than +3 kPa. Figure 3.24 shows the FFT results. The

pressure fluctuation spectra was also lower than that shown in Fig. 3.22.

L |
1 1.2 1.4 1.6
Time(s)

Fig. 3.23 Pressure fluctuations (W=1 mm, L=50mm, Qo, =4.0 m3n/h,
Qc, =03 m°n/h, @=0.15).
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Fig. 3.24 Pressure fluctuations spectra(W=1 mm, L=50mm, Qg, =4.0 m3n/h
Qch, =0.3m*n/h, @ =0.15).

Under the same condition except for the 100 mm tube, tubular flame with almost the
same pressure fluctuations was measured. However, at large equivalence ratios,
oscillatory combustion occurred.  With oxygen flow rate of 4 m/h and methane flow
rate of 0.4 m3w/h, the pressure fluctuations and FFT analysis were carried out.
Comparing with the case of methane flow rate 0.3 m3y/h in the burner of W=2 mm, the
pressure fluctuations increased much, which were above +20 kPa, as shown in Fig. 3.25.
Figure 3.26 shows the FFT results. The sound level even reached 170 dB. The

intensity of the oscillation may be caused by the increase of equivalence ratio.
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Fig. 3.25 Pressure fluctuations (W=1 mm, L=100 mm, Qqg, =4.0 m3n/h,
Qcpy, =0.4 mn/h, @ =0.20).
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Fig. 3.26 Pressure fluctuations spectra (W= 1 mm, L= 100 mm,
Qo, =4.0m*n/h, Qcy, =04 mPnh,@=020).

3.3.4 Analysis concerning tubular flame combustion establishment
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For pure oxygen combustion, various flames including turbulent flame, diffusion
flame and tubular flame were obtained. In present experiments, turbulent flames and
diffusion flames were accompanied by intense oscillation, which restricted the practical
applications.  From the viewpoints of both practical application and fundamental
research, it is very important to analyze the requirement for establishment of oxygen
enhanced tubular flame combustion. To quantitatively investigate the requirement,

some combustion tests are examined and analyzed in detail.

At the same oxygen flow rate (4 m°n/h) | detailed observations were made with

varying equivalence ratio for both burners, which were shown in Fig. 3.27. In the case
of W=2 mm (column a), diffusion flames were anchored for all the cases. When the
methane flow rate was low, hence, the overall equivalence ratio was small (@ =0.10),
diffusion flames consumed most of the fuel injected. As the methane flow rate was
increased such as to @=0.15, the diffusion flames became more bigger. As the
methane flow rate was further increased to @ =0.20, the diffusion flame tips were
extended and the flame luminosity around the center increased. This suggested that
unconsumed methane in the diffusion flame zone flew downstream and reacted with the
oxygen in a turbulent mode. When the methane flow rate was further increased to
@ =0.50, a highly intensified luminous zone occupied the inside of the burner, while
two diffusion flame bridges of weak luminosity can be still seen around the fuel slits.
A very strong, vibratory combustion occurred.

In the case of W=1 mm, however, tubular flame combustion could be achieved

when the methane flow rate was small.  As seen in column (b), uniform tubular flames
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Fig. 3.27 Appearances of methane/oxygen flames (Qo,=4 m3n/h
column a: W=2 mm; column b: W= 1 mm).
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were established at the methane flow rate of 0.24 and 0.30 m*h (@ =0.12 and 015).

As the burning velocity increased with increasing equivalence ratio, the flame diameter
increased. With a further increase in the methane flow rate, where @ reached 0.17,
the tubular flame still existed but was disturbed and deformed. Instead, a turbulent
combustion occurred downstream, resulting in an appearance of a luminous zone around
the center of the burner.  With further increasing the methane flow rate (@ =0.50), the
turbulent combustion was greatly strengthened, leading to an expanded and intensified
luminous zone with strong vibration.

In current tubular flame burner, when fuel is injected from the fuel slit, starting
from the fuel slit the fuel will meet and mix with upstream oxidizer flow. Once ignited,
a flame could be established.  In the burner of W=2 mm, after injected into the burner,
methane started to mix with oxygen, however, before complete mixing of methane and
oxygen, a diffusion flame was established and anchored at the exits of fuel slits (see
column (a) in Fig. 3.27). The existence of diffusion flame interrupted the mixing
process of methane and oxygen, resulting in the incomplete mixing, hence a failure of
establishment of tubular flame.

In contrast, in the burner of W=1 mm, when the equivalence ratio is small (#=0.12
and 0.15), before reaction starts methane has mixed with oxygen and tubular flame
could achieve. With an increase of equivalence ratio, the reaction rate increases. At
the same time, due to the increase of methane flow rate, the mixing of methane and
oxygen also increases. Both the mixing and reaction rate increase, however, instead of
stable tubular flame oscillatory combustion has been observed (@ = 0.17 and 0.5).
This becomes a great barrier to safe tubular flame combustion, in which the mixing

should be completed before the onset of reaction. Thus, it is indispensable to carefully
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investigate the competition between the mixing and reaction.  Here the Damkohler
number, which is defined as the ratio of mixing time to reaction time, is used to express
the competition. In the following two chapters, numerical calculations and
measurements were carried out to obtain the reaction time and mixing time,

individually.

3.3.5 Summary

In this section pure oxygen combustion in burners of W=2 and 1 mm are
investigated. For the burner of W=2 mm, the equivalence ratio, the methane flow rate
and the oxygen flow rate were kept constant to investigate the flame characteristics,
respectively. The oscillatory combustion has also been analyzed with pressure
fluctuation and FFT analysis.  For the tests in the burner of W=1 mm, quartz tube of 50
and 100 mm were used, and tubular flame were obtained at low equivalence ratios.

(1) In the burner of W= 2 mm, diffusion flames were anchored at the exits of fuel slits.
For the same equivalence ratio, increasing the flow rate, hence increasing injection
velocity, the diffusion flame was extended and became weaker, however, oscillatory
combustion intensifies at high injection velocity.

(2) Keeping the oxygen flow rate constant, with increasing the methane flow rate, the
diffusion flame became weak and the intensity of oscillatory combustion increased
due to an increase of equivalence ratio.

(3) Keeping the methane flow rate constant while increasing the oxygen flow rate, the
diffusion flame became weak and the luminosity decreased due to decrease of
equivalence ratio;

(4) For W= 1 mm, when equivalence ratio was large, turbulent combustion dominated
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the combustion; with a decrease of equivalence ratio, stable tubular flame
combustion was obtained and remained until extinction. Under various oxygen
flow rates with both 50 and 100 combustion tubes, the tubular flame ranges were
examined, which was about 0.11 ~ 0.18 in equivalence ratio;

(5) The oscillatory combustions in W= 2 and 1 mm burners were tested, in which the
pressure fluctuations were over + 10 kPa and + 20 kPa, respectively.  For the case
of tubular flame combustion in W=1 mm and L=50 mm, the pressure fluctuations
was about + 3 kPa;

(6) Damkohler number, which was the ratio of mixing time to reaction time, has been

proposed to quantify the establishment of tubular flame combustion.
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3.4 Summary

In this chapter the rapidly mixed oxygen enhanced tubular flame combustion has
been investigated in two types of burners, W= 2 and 1Imm. The flame characteristics
for oxygen-enriched air and pure oxygen combustion are summarized as follows:

(1) When the oxygen mole fraction is less than 40%, rapidly mixed tubular flame
combustion of methane/oxygen-air could be achieved within flammable range,
which has almost the same flame appearances as that of methane/air.

(2) When the oxygen mole fractions are increased to high value, say, 77%, diffusion
flames are anchored at the exits of the fuel slits, which inhibit the mixing of fuel and
oxidizer, resulting in intense oscillatory combustion. With a decrease of
equivalence ratio, stable tubular flame is obtained, whose range is limited at the
vicinity of lean limit.

(3) With an increase of oxygen mole fraction, stable tubular flame range in equivalence
ratio becomes narrower while the oscillatory combustion range enlarges; the upper
limit of stable tubular flame in W = 1 mm is larger than that of W = 2 mm, while the
lean limit is almost the same.

(4) As for pure oxygen combustion, in the burner of W=2 mm, diffusion flames are
anchored at the exits of fuel slits interrupting the mixing of fuel and oxygen. By
increasing the flow rate, hence increasing injection velocity, the diffusion flame
cannot be totally inhibited and intense oscillatory combustion occurs.

(5) For W=1 mm, when equivalence ratio is large, turbulent combustion dominates the
combustion; with a decrease of equivalence ratio, stable tubular flame combustion is
obtained and remained until extinction. Under various oxygen flow rates, stable

tubular flame ranges are examined, which is about 0.11 ~ 0.18 in equivalence ratio.
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(6) The oscillatory combustions for oxygen-enriched air (5 = 0.661 and 0.868) and pure
oxygen are tested, respectively. The pressure fluctuations are almost over + 10 kPa.
And the oscillatory combustion seems belong to the acoustic resonance of axial
mode.

(7) Damkohler number, defined as the ratio of mixing time to reaction time, is

expected to quantify the establishment of tubular flame combustion.
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Chapter 4 Numerical Calculation of Burning

Velocities and Reaction Time

4.1 Introduction

The laminar burning velocity (S;) is an important overall characteristic of the

reactivity of combustible mixture. In tubular flame burner, usually a uniform tubular
flame is established at a position where the inward radial velocity of the unburned gas
equals the burning velocity [34, 55]. When fuel is burned under different oxidizer and
equivalence ratio, the burning velocity varies great, say, the burning velocities of both
stoichiometric methane [82] and propane [83] in oxygen are nearly ten times as large as
that in air.  For deep investigation of the flame stabilization under various oxygen mole
fractions, it is necessary to obtain reliable data of the burning velocity.

As has been discussed in previous chapter, for the rapidly mixed tubular flame

combustion, the mixing should be completed before the onset of reaction. Therefore it

is important to analyze the chemical reaction rate, i.e., reaction time (Tr) for the

combustible mixture. In this study the reaction time was calculated by the relation,

T, =—, 4.2)

in which 5|_ is laminar flame thickness and Sy is laminar burning velocity.

The numerical calculation was performed through the Chemkin-PRO software.
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The calculation model and the boundary conditions concerning the laminar burning

velocity (S,) calculation have been introduced in Chap. 2. While the laminar flame

thickness ((5|_) is calculated from temperature profile, which has been simultaneously

obtained with S, calculation.

For further discussion, the laminar burning velocities of methane/oxygen-air
mixtures are numerically calculated as a function of the equivalence ratio (@) using the
oxygen concentration () in the oxidizer as a parameter. Based on valid data analysis
of burning velocity, the reaction time is further calculated. To promote the wide
application of oxygen enhanced combustion, the laminar burning velocities of

CH4/0,-CO,, H,/O,, and C3Hg/O, are also summarized, respectively.
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4.2 Laminar burning velocities

As an example, the laminar burning velocity of stoichiometric methane/air is firstly
discussed.  Then the burning velocities of methane/oxygen-air under various oxygen
mole fractions and equivalence ratios are calculated and compared with experimental
data.  The flame temperatures are obtained along with burning velocities.
Furthermore, the laminar burning velocities and adiabatic flame temperatures of

CH4/0,-CO,, H,/O, and C3Hg/O,, are also summarized, respectively.

4.2.1 Burning velocities of CH4/O,-Air

In the computations the total length of the calculation domain, starting 3 cm
upstream of the reaction zone, was chosen equal to 33 cm, as shown in Fig. 4.1. The
calculations started with a computational domain of 3cm (from 0 to 3 cm) and both the
solution gradient and curvature value of 0.5. With two Continuation runs, the domain
was expand to 33 cm and reduced the solution gradient and curvature to 0.08. Further
increases in mesh resolution and domain-size resulted in less than 0.01 cm/s difference
in the calculated burning velocities. And automatic estimated temperature profile is
chosen, which is computed from equilibrium (see Fig. 2.6).

In Fig. 4.1 the axial velocity is plot against the calculation domain. The axial
velocity of pre-mixture at inlet and axial velocity of products at outlet are denoted as V;
and V,, respectively. As previously analyzed, the burning velocity (S,) equals to the
inlet velocity (V;), hence for stoichiometric methane/air S, =V; = 38.04 cm/s. The
calculated burning velocity is much close to the experimental result of 39.00 cm/s given
by Yamaoka and Tsuji [72]. Due to reaction, the axial velocity sharply increases

during the reaction zone and reaches 286.47 cm/s at the outlet. Not far downstream
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the reaction zone, the axial velocity of the products nearly keeps constant.
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Fig.4.1 Axial velocity distribution along the calculation domain (-3 ~ 30 cm).
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Fig.4.2 Axial velocity distribution close to the reaction zone (1.4 ~ 2.0cm).
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Figure 4.2 shows local axial velocity as well as the grids distribution around the
reaction zone where the axial velocity increases sharply. The position of the reaction
zone is determined by the initial computation domain (0 ~ 3 cm), which by default lies
at the middle (x =1.5 cm) of the domain. The reaction zone is very thin, with the
thickness less than 1 mm. Since the Chemkin-PRO software could self-adaptively
adjust the grids distribution based the gradients of species or temperature et al, within
the very thin reaction zone where large gradients exit, grids number over 150 are
distributed. It means fine grid distribution with more than 150 grids-per-centimeter,
has been achieved. Outside this zone, where the gradient is much small, coarse grid
distribution of a few numbers is needed. The self-adaptive grids distribution is a
remarkable advantage which not only assures enough accurate but also saves much
computation costs. The concrete value of the reaction zone thickness will be discussed
in section 4.3.

Figure 4.3 shows the temperature distribution within the total domain. The initial
temperature (T;) at the inlet is 298K, while the flame temperature (T,) at the outlet
reaches 2228 K.

In Fig. 4.4 the grids and temperature distribution around the reaction zone are
shown. The temperature also increases sharply within the very thin reaction zone,

which is around x =1.5 cm.
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Fig. 4.3 Temperature distribution along the calculation domain (-3 ~ 30cm).
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Fig. 4.4 Temperature distribution close to the reaction zone (1.4 ~ 2.0 cm).
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In Fig. 4.5, the main reactants and products are plot against the distance (x) around
the reaction zone. Before reaction, the mole fraction of methane is about a half of the
oxygen mole fraction and both of them are almost unchanged, however, quickly they
decrease in the reaction zone. The methane mole fraction becomes almost zero, while
the oxygen mole fraction reduces slowly. The products H,O, CO, and CO increase
where the reactants reduce. During the process of H,O increasing, the CO firstly
increases and reduces. The increase of CO; lies downstream that of the H,O due to the
appearance of CO. Downstream the flame zone, the mole fractions of these products
increase very slowly; further downstream the flame zone, these values keep almost
constant.

Figure 4.6 show the mole fractions of some important species around the reaction
zone. These species are only in small mole fraction comparing with the main reactants
and products. The domain where these species sharply increase is downstream the
domain where the axial velocity and temperature sharply increase.

Mentioned above introduces the calculation of laminar burning velocity at given
equivalence ratio. With the same method the burning velocities of methane/air at
various equivalence ratios could be calculated. Furthermore, by changing the
composition of oxidizer in the unburned pre-mixture, the burning velocities under
various oxygen mole fractions and equivalence ratios could also be obtained. In
chapters 3 and 4, combustion tests were conducted under different conditions. For
further discussion, the laminar burning velocities of methane/oxygen-air mixtures are
calculated as a function of the equivalence ratio (&) using the oxygen concentration (5)

in the oxidizer as a parameter. The results are shown in Fig. 4.7.
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Fig. 4.6 Species profile close to the reaction zone (1.4 ~ 2.0 cm).
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Fig. 4.7 Variations of burning velocity S, with the equivalence ratio
@ using the oxygen molar fraction B as a parameter.

The upper equivalence ratio is set as 2.0, while the oxygen mole fractions are
settled corresponding to the experimental condition in Fig.3.8 in chapter 3. It is seen
in Fig. 4.7 that, at the same equivalence ratio, with an increase of oxygen mole fraction
in the oxidizer, the burning velocity increase a lot.  The stoichiometric burning velocity
of methane/oxygen is almost eight times larger than that of methane/air. And with an
increase of oxygen mole fraction, the calculated lean limits in equivalence ratio
decrease. From lean limit to stoichiometric condition, the increase of burning velocity
becomes more remarkable with the increment of oxygen mole fraction.

To substantiate the accuracy of the present calculation, experimental values that are

available in literatures are compared with the calculations. They are shown in Fig.4.7.
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In the case of air as an oxidizer, the burning velocity for the stoichiometric mixture
in our calculation is 38.04 cm/s while Yamaoka and Tsuji (denoted by ) [72] obtained
the value of 39.00 cm/s. As for the maximum burning velocity, the value in our
calculation is 39.06 cm/s at the equivalence ratio of 1.064, while in experiments
Yamaoka and Tsuji () obtained the value of 41.00 cm/s at the equivalence ratio of 1.05
[72]; Scholte and Vaags [84] obtained the value of 40.00 cm/s at the equivalence ratio
of 1.064. Thus, our calculations are very close to the experimental values.

In the case of pure oxygen as an oxidizer, the maximum burning velocity in our
calculation is 314.0 cm/s at the equivalence ratio of 0.955, which is very close to the
Jahn’s experimental result (denoted by, ) of 330 cm/s [82].

For various oxygen mole fractions and equivalence ratios, the calculated burning
velocities in this study (x) are compared with the experimental data (o) obtained by
Tanford [85]. The results show good agreements. Furthermore, it is very interesting
to note that with increasing f, the equivalence ratio at which the burning velocity
reaches its maximum shifts from rich to lean side of stoichiometric, which is
qualitatively in accordance with the experimental results and consideration by Golovina
and Fyodorov [86]. Based on the comparisons above, it may be concluded that the
present calculations give the proper burning velocities for methane/oxygen-air mixture.

When the oxygen mole fraction is 0.368, as has been shown in Fig. 3.8 in chapter
3, the tubular flame could achieve around the stoichiometric condition. Based on the
simulation results in Fig. 4.8, when f =0.368, the maximum burning velocity is 113.61
cm/s at the equivalence ratio of 1.05. This means under this oxygen mole fraction
tubular flame combustion could be established even at the maximum burning velocity

of 113.61 cm/s. However, at the same injection flow rate of oxidizer, for pure oxygen
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combustion, when the equivalence ratio is larger than 0.18 where the burning velocity is
over 40 cml/s, oscillation combustion occurs resulting in a failure of tubular flame
establishment.

To further investigate this phenomenon, the ranges of burning velocities where
tubular flame has been established under various oxygen mole fractions in the burners
of W=2 and 1 mm, have been plot against the equivalence ratio, as shown in Fig. 4.8.

With oxygen mole fraction of 0.368, for tubular flame combustion in the burner of
W= 1mm, the burning velocities vary from 13.46 to 113.61 cm/s. For § =0.447, Su =
10 ~ 85 cm/s; f =0.526, Su = 10 ~ 60 cm/s... It is seen that with an increase of oxygen
mole fraction, the upper limit of burning velocities in tubular flame combustion
decreases. For the cases of W=2 mm, the upper burning velocities also decreases and
the value is smaller than that in W=1mm at the same oxygen mole fraction.

As previously introduced in chapters 3 and 4, at high oxygen mole fraction, the
diffusion flames are easily anchored at the exits of the fuel slits. This diffusion flame
interrupts the mixing of fuel and oxidizer, and causes intense oscillatory combustion in
the swirling flow downstream the slit.  Thus tubular flame combustion is established at
low equivalence ratio with low burning velocity.

Therefore, when the oxygen mole fraction is high, the flow requirement for stable
tubular flame establishment, that the burning velocity should balance the radial velocity,
is not enough.  The diffusion flames established between the fuel and oxidizer streams

are necessarily to be inhibited.
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Fig. 4.8 Burning velocities of the mixtures which sustain tubular
flame in the rapidly mixed type combustion.

35% T T T T I T T T T I T T T T T T T T

r —— 021 —— 0684 -

" ﬁ s 0368 ——0842 7

3000 : 1

E'—’cq: I ]

B I ;
2500
2000}
1500.
0

Fig. 4.9 Adiabatic flame temperatures Tf as a function of equivalence ratio
@ using the oxygen molar fraction s as a parameter.
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The adiabatic flame temperature is obtained along with the burning velocity
calculation.  According to the oxygen mole fractions in Fig. 3.8 in chapter 3, the
adiabatic flame temperatures are computed with various equivalence ratios. The

results are shown in Fig. 4.9.

For current burners, when oxygen mole fraction is less than about 0.4, stable
tubular flame could be established within the whole inflammable range. Under these
conditions, stable and uniform distributed tubular flame with adiabatic temperature as
high as 2700 K could be obtained. However, to seek higher adiabatic flame
temperature at high oxygen mole fractions, the diffusion flames and oscillatory

combustion should be effectively controlled.

This study addressed the pure oxygen combustion of methane. For deep

investigation, the simulation results of methane/oxygen are discussed in the following.

In Figs. 4.10 and 4.11, the axial velocity is plot against the plane of equivalence
ratio (@) and computation distance (x). As long as the equivalence ratio and distance
are given, the axial velocity could be obtained from Fig.4.10. The total computation
distance is 55 cm (-5 ~ 50 cm), while the equivalence ratio increase from 0 to 2. Fora
given distance, for instance, at the inlet (x = -5 cm), the initial velocity also known as
the burning velocity, increases when the equivalence ratio increases from 0 to around 1
and then decreases with a further increase of equivalence ratio. Downstream the inlet
(x > -5 cm), at a fixed distance, the axial velocity becomes larger than that at the inlet,
however, it also follows the same increase-reduce trend, whose section view at constant
X is a parabolic shape. The maximum axial velocity reaches almost 4000 cm/s at the

equivalence ratio of 0.95 in the domain downstream the reaction zone.
At any given equivalence ratio, the axial velocity increases slowly from the inlet to
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the reaction zone. And sharp increase occurs in the reaction zone (around x =1.5 cm),
as shown in Fig. 4.11. Downstream the reaction zone, the axial velocity increases

much slowly and finally becomes a constant.

Fig. 4.10 Three dimensional axial velocity distribution in the plane of
equivalence ratio @ and computation distance (x).

Fig. 4.11 Three dimensional axial velocity distribution near the reaction zone
(around x =1.5 cm)and @=1.0~20
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In Figs. 4.12 and 4.13, the gas temperature is plot against the plane of equivalence
ratio (&) and computation distance (x). Downstream the reaction zone, for given

distance, the flame temperature increase fast from equivalence ratio of 0.1 to 0.55 then

Fig. 4.12 Three dimensional temperature distribution in the plane of
equivalence ratio @ and computation distance (x).

Temperature (K)

Fig. 4.13 Three dimensional axial velocity distribution near the reaction zone
(x=1.49 ~1.54 cm) and @ =1.0~ 2.0,
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the increasing trend slows down from @ = 0.55t0 @ =1.1. Above @ = 1.1, where the

flame temperature is 3058 K, the flame temperature decreases.

4.2.2 Summary of burning velocities

The laminar burning velocities of methane/oxygen-air mixtures have been
calculated and examined reliable. These data as well as the adiabatic flame
temperature provide important references for burner design and phenomenon analysis.
Based on these computations, the burning velocities as well as the adiabatic flame
temperature of CH,/O,-CO, are calculated for oxy-fuel combustion; those of H,/O, and
C3Hg/O; are also calculated for pure oxygen combustion.

In Fig. 4.14, under various equivalence ratios and oxygen mole fractions, the
burning velocities of CH4/O,-CO, mixtures are computed and compared with that of
CH4/O,-N, (CH4/O,-Air) at the same conditions. Open signs with color lines show the
burning velocities of CH4/O,-CO, while the enclosed signs with black lines show those
of CH4/O,-N,. It is seen that, the burning velocity of is CH4/O,-CO,is much smaller
comparing with that of CH4/O,-N, at the same oxygen mole fraction and equivalence
ratio. For example, at the oxygen mole fraction of 0.5, the burning velocity of
CH4/0,-CO; is almost half of the CH4/O,-N, mixture for nearly all the equivalence
ratios. At high oxygen mole fractions, the difference of burning velocities between the
two cases becomes smaller.

Figure 4.15 shows the adiabatic flame temperatures of CH,/O,-CO, compared with
that of CH4/O,-N, mixtures.  Just like the burning velocity, the flame temperature of

CH4/0,-CO, mixture is smaller than of CH4/O,-N,. For instance, at the oxygen mole
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fraction of 0.4, the maximum flame temperature is CH4/O,-CO, about 2500 K while

that of CH4/O»-N> is about 2700 K.
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Fig. 4.14 Burning velocities comparisons between CH4/O,-N; and
CH4/0,-CO, under various @ and g3 .
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Fig. 4.15 Adiabatic flame temperature comparisons between CH4/O,-N,
and CH4/O,-CO, under various @ and g3 .
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With the reaction scheme GRI-Mech version 3.0 the laminar burning velocities of
Ho/Air and H,/O, are calculated. As shown in Fig.4.16, the broken line and solid line
show the calculated burning velocities in the equivalence ratio of 0 ~ 8.0. For Hy/Air,
the maximum burning velocity of is around 291 cm/s at the equivalence ratio of 1.78.
With various equivalence ratios, the experimental data of Tse et al. [87] and Kwon and
Faeth [88] are plotted to compare with present calculations. The results show very
good agreement. While the experimental results of Guntherr and Janisch [89] are
slightly larger than the calculated results.

For H,/O,, the burning velocity increases remarkably from very lean to
stoichiometric condition. The maximum burning velocity is 950.6 cm/s in this
calculation at the equivalence ratio of 1.15. In numerical calculation Dixon-Lewis [90]
obtained the burning velocity of 941 at stoichiometric condition, which is very close to
the value of 942.3 cm/s in this study. The experimental data of Jahn [72] and Zitoun
and Deshaies [91] in Fig. 4.16 are very close to present calculation. Based on the
comparisons above, it may be concluded that the present calculations give the proper
burning velocities for Hp/air and H2/O, mixtures.

In Fig. 4.17, the adiabatic flame temperature of H,/air and H,/O, mixtures are
plotted against the equivalence ratios, respectively. The maximum temperatures are
2400 and 3076 K, respectively, both of which are at the equivalence ratio of 1.05. For
both mixtures, the flame temperature increases rapidly from lean to stoichiometric

condition.
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Fig. 4.16 Burning velocities of H,/O, and Hy/Air mixtures under various @ .

Fig. 4.17 Adiabatic flame temperature of H,/O, and H/Air mixtures under various @ .
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The laminar burning velocities of C3Hg/O, mixtures under various equivalence
ratios are also summarized. Two reaction schemes from University of California at
Sandi Ego [92] and Princeton University [93] are used to calculate the burning
velocities, respectively. The results are shown in Fig. 4.18. It is seen that from lean
to equivalence ratio of 0.8, the calculated results are much close. Above 0.8, the
calculated results based on Sandi Ego mechanism are slightly bigger than those of
Princeton. The maximum burning velocities are 310 and 305 cm/s for Sandi Ego and
Princeton mechanism, respectively, both of which are obtained around the equivalence
ratio of 0.9.

Figure 4.19 shows the adiabatic flame temperature. It is seen that the adiabatic
flame temperatures are almost the same for both types of mechanisms. The flame
temperature rapidly increases to about 2900 K at the equivalence ratio of 0.5, which
may be an important application in energy saving in high temperature industrial fields.

The maximum temperature is 3099 K at the equivalence ratio of 1.1.
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Fig. 4.19 Flame temperatures of C3Hg/O; calculated with different mechanisms
under various @ .
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4.3 Reaction time
4.3.1 Flame thickness

There are different ways to define the flame thickness either from the knowledge
of burning velocity and fresh gas properties or from the temperature profiles [94]. In

this study, we choose the best definition as proposed in a text book [94], that the laminar

flame thickness 5L is determined by computing the temperature profile and using the

following equation:

Tb — Tu

B max(|oT /ox]) (42)

L

in which T, and T, are unburned and burned gas temperatures respectively (just equal

tothe T; and T, defined previously), and &T /dx is temperature gradient.

We have obtained reliable burning velocities of methane/oxygen-air mixture
through numerical calculation. The temperature profiles are given along with the
burning velocity calculation. Thus, the flame thickness can be conveniently calculated
through Eq. (4.2). Two cases of methane/oxygen mixture at different equivalence
ratios are discussed, as shown in Figs. 4.20 and 4.21.

For @ =0.15as shown in Fig. 4.20, the unburned and burned gas temperatures are
T, =298K and T, =1806 K obtained with S, =20.77 Cm/s | respectively. Based

on the temperature profile, the temperature gradient along the distance (x) is calculated
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and we obtain max(|oT /ox|) = 3.5x10% K/mat the distance of x = 1.5091 cm.

Through Eq. (4.2), the laminar flame thickness s, =430.9 um is obtained as
shown in Fig. 4.20, which lies in the domain x = 1.48756 ~ 1.53064 cm.
However, with an increase of equivalence ratio, say double equivalence ratio

(@ =0.30), as shown in Fig. 4.21, the flame thickness reduces to almost 1/3 that of the

@ =0.15  The calculated burning velocity and flame temperature are 131.0 cm/s and

2547 K, respectively, both of which are remarkably increase than those of @ =0.15.

The temperature increases sharply in the reaction zone, and we obtained that
max(|oT /&x)) =1.9x10” K/m, which is one order larger. Consequently the flame

thickness is givenas s, =118.4um. The flame thickness of methane/oxygen mixture

2000

1500
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Fig. 4.20 Laminar flame thickness (6.) of CH4/O, mixture at@ = 0.15.
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Fig. 4.21 Laminar flame thickness (6.) of CH4/O, mixture at@ =0.30.

for various equivalence ratios are calculated and listed in Table 1. It is seen that from
@=012 to @=0.3, the flame thickness decreases rapidly with an increase of
equivalence ratio. With further increasing of @, the thickness also decreases but

slows down.

4.3.2 Reaction time

Until now, the laminar flame thickness ((5|_) and burning velocity (S, ) have been

successfully calculated, thus the reaction time ( 7y =0 / Sy) can be easily calculated.

Here the reaction times of some combustion tests discussed in Chapter 3 are calculated
and listed in Table 4.1.
As seen in Table 4.1, with an increment of equivalence ratio (&), the burning

velocity as well as the flame temperature and maximum temperature gradients increases
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rapidly, while the laminar flame thickness decreases fast. Thus, the reaction time
decreases remarkably. For @ = 0.12, the reaction time is about 19400 ps, while it

reduces to 32 us at the equivalence ratio of 0.5.

Table 4.1
Reaction time T,

04 TIK] (0T/0X)max [K/m] | Si[cm/s] o [um] T[us]
0.12 1561 1.00E+6 6.645 1263.0 1.90E+4
0.15 1804 2.60E+6 20.77 430.9 2.07E+3
0.17 1950 5.00E+6 33.7 330 981
0.3 2547 1.90E+7 131.0 118.4 90
0.5 2858 3.30E+7 240.9 77.6 32

1.0 3054 8.00E+7 312.8 34.45 11
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Fig. 4.22 Variation of reaction time with equivalence ratio.

In Fig. 4.22, the reaction time for § = 0.684 and 1.0 are plotted against the
equivalence ratio. For both cases, the reaction time reduces remarkably form very lean
condition to around @ = 0.5. Above @ = 0.5, the reaction time slowly decreases with
an increase of equivalence ratio. And at the same equivalence ratio, the reaction time

of f=0.684 is larger than that of = 1.0.
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4.4 Summary

In this chapter, the burning velocity and reaction time are computed with the
Chemkin Premix code. With appropriate initial and boundary conditions, the burning
velocity of stoichiometric methane/air mixture is discussed as an example. Then the
burning velocities of methane/oxygen-air mixtures under various oxygen mole fractions
and equivalence ratios are computed and compared with experimental data. The flame
thickness is computed through the temperature profile obtained along with the burning
velocity calculation. Based on these analyses, the reaction time is calculated. The
following are concrete conclusions.

(1) The burning velocities of methane/oxygen-air mixtures under various oxygen
mole fractions and equivalence ratios are computed and the results show good
agreement with experimental data.

(2) The burning velocities and flame temperature of CH4/O,-CO,, H,/O, and
C3Hg/O; are summarized for oxy-fuel combustion.

(3) Laminar flame thickness is computed through the temperature profile obtained
along with the burning velocity calculation.

(4) The reaction time is calculated. For methane/oxygen mixture, with an

increase of equivalence ratio, the reaction time reduces rapidly.
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Chapter 5 Mixing Process Analysis in the

Rapidly Mixed Type Tubular Flame Burner

5.1 Introduction

One of the fundamental aspects of the rapidly mixed tubular flame combustion is
the mixing of fuel and oxidizer, which should be complete before the onset of reaction.
A sound understanding of the mixing process is of considerable importance for the
advancement of improved physical concepts and predictive models in such type of

burner.

5.1.2 Overview of previous researches for mixing

Mixing of fuel and oxidizer has a great influence on the overall performance of
combustion in various kinds of combustors, say, air breathing engine [95, 96], fluidized
bed combustor [97, 98] and jet burner [29, 99, 100]. Extensive research has been
carried out on the mixing of fuel and oxidizer in shear or mixing layers formed between
two reactant streams.  As shown in Fig. 5.1, using a burner with two separate jets, the
mixing of CH4-H; jet with O, jet has been analyzed [30].

The mixing layers are found in all types of non-premixed combustion including the

initial region of jets or the wake region of bluff-body stabilized burner [101].
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Fig. 5.1 Burner diagram (left) and mean two dimensional velocity fields (right,

non-reacting) [30].
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Fig. 5.2 Schematic illustration of the two-dimensional reacting mixing layer
between parallel streams of fuel and air emerging from porous walls,
which shows the coordinates and the upstream boundary conditions [102].

110



Fernandez-Tarrazo et. al made a numerical analysis to describe the lift off and blow off
of a diffusion flame in the mixing layer between two parallel streams of fuel (mainly
methane diluted with nitrogen) and air emerging from porous walls [102]. The
configuration of the model is shown in Fig. 5.2.

In planar mixing layer, to study the fundamental processes of mixing as well as
chemistry, the flow configuration has been measured by various methods including
LDV[103], OH LIF/soot LII technique [104] and PIV system [105]. In the left part
of Fig. 5.3, the planar mixing layer configuration of heated-air with air-acetone under
different temperatures and velocities are shown [104]; in the right pictures, the reacting
mixing layer was visualized using a combined OH LIF/soot LIl technique, wherein the
reaction zone and the region of parent fuel entrainment and decomposition were

simultaneously imaged.
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Fig. 1. Planar mixing layer configuration. Non-reacting

Fig 7. Schematic depicting mixing layer stracture for AHS case (J=ft) and FHS case (right). The schematic is based on OH/LI

passive scalar images insets shown were acquired at p = 4 5 z X = :
images from Position B for the boxed rezion shown at the top for case A2 (left) and F2 (right)

atm with heated air in stream 1 (T, = 400 K and U, = 2
m’s) and air seeded with acetone vapor (T, = 300 K and
U, = 0.8 m’s) in stream 2.

Fig. 5.3 Planar mixing layer configuration (left) and schematic depicting mixing
layer structure for AHS and FHS cases (right) [104].
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The mixing layers between non-parallel streams have also been investigated by
different structures [106, 107]. Specially, as an important aspect, the swirling mixing
layers are addressed here. The swirling mixing layers form an integral part of many
combustion and propulsion systems, contributing significantly to their performance and
noise generation. With a swirl generator, Wood et al [108] investigated the detailed
structure of a swirling turbulent mixing layer. ~ While Chen and Driscoll [109] have
investigated the role of the recirculation vortex in improving fuel-air mixing within
swirling flames. They investigated the effects of swirl on flame length in detail, as
shown in Fig. 5.4 [109]. The effects of fuel-air mixing on flame structures and NOy
emissions in a swirling flame have been analyzed in gas turbine combustor [110] and jet

flames [111].

RECIRCULATION
ZONE

THROAT

VYCOR GLASS

(a) (®) (c) (d (e)
Fic. 1. Effect of Swirl on Flame Length. Methane fuel flowrate fixed at 0.03 g/sec. (a) No swirl, (b) S
= 0.2, bulbous recirculation forms at base of “jet-like” flame, (c) S = 0.25, (d) $ = 0.5, (¢) S = 1.1

Fig. 5.4 Effect of swirl on flame length [109].
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5.1.2 Mixing process in rapidly mixed tubular flame combustion

However, the mixing layer developed in the rapidly mixed type burner has not yet
been investigated. Due to the structure of the current burners, the configuration of the
mixing layer developed in the swirling flow is totally new and different from the cases
mentioned above.

In the rapidly mixed fuel/air tubular flame combustion, to achieve stable tubular
flame as that of premixed type, the injection velocities higher than 20 m/s and swirl
numbers larger than 5 are required for complete mixing of fuel and air [33]. And it
also has been argued that the tubular flame front is stabilized at a position where the
burning velocity balances the radial velocity [34, 55]. Due to very high reaction rate
and significantly high burning velocity in pure oxygen combustion, it is unknown
whether these requirements are still valid or enough for establishing tubular flame
combustion. Comparing with fuel/air combustion, the mixing of fuel and oxygen will
enhance a lot just by eliminating the diluent of N, however, the reaction rate will also
increase owing to less heat loss carried away by N,. Thus, quantitatively analysis
between the mixing and reaction is necessary for investigating the establishment of
tubular flame combustion under high oxygen mole fraction.

On the other hand, as has been introduced in Chap.3, by reducing the slit width,
stable tubular flame (premixed flame) was obtained instead of diffusion flame
(non-premixed flame). For further analysis, in this chapter, the mixing process is
investigated with PIV system using three types of quartz burners whose slit widths are 3,
2, and 1 mm, respectively.  The mixing layer thicknesses are measured and discussed
under the same and different injection velocities of seeded and non-seeded flows.

With the relations between mixing layer thickness and injection velocity which are
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obtained under low flow rates, the mixing layer thicknesses of the combustion tests are
estimated. It has been proved that the estimation is valid even under increased flow
rates and combustion condition. Based on the mixing layer thickness mixing time has

been calculated.
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5.2 Mixing layer at the same injection flow rate

5.2.1 Low injection velocity

To capture the mixing process in the tubular flame burner, the flow field was
investigated with using a PIV system (see chapter 2). Dry air and nitrogen supplied
from cylinders were used. It should be noted that due to difficulties for visualization,
the injection velocities were much lower than the combustion tests discussed in chapters

3and 4.

5.2.1.1 Flow visualization

Figure 5.5 shows the flow visualization inside the two optically accessible burners
at the injection flow rate of 0.048 m3n/h. The broken lines show the positions of the
tangential slits and the broken circles show the positions of the burner walls. From
two slits of upper left and lower right, nitrogen flows seeded with MgO particles were
tangentially injected into the burner, while dry air flows without seeding were injected
from another two slits of upper right and lower left. Flow visualizations were obtained
in a plane parallel to the sheet 2 mm offset the center of the slit to get more particles,

hence, higher quality images.
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Fig. 5.5 Flow visualization (Q =0.048 m*h a: W=2mm, b: W=1mm).
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In the case of W=2 mm, it is seen in Fig. 5.5a that the seeded flow from the lower right
slit abruptly shrinks in width after the flow is injected from the 2 mm width slit through
an interaction with the non-seeded flow from the upper right slit. This non-seeded
flow also shrinks in width through the interaction with the flow from the upper left, and
as illustrated by red arrows, the width of the flow from the upper right slit gradually
decreases as the stream goes around.

In the case of W=1 mm, it is seen in Fig. 5.5b that the seeded flow from the lower
right slit once slightly expands in width when the flow is just injected outside from the
slit, however, the flow shrinks thereafter and the width gradually decreases. The
non-seeded flow from the upper right slit also shrinks and its width, indicated by red
arrows, decreases.

To quantify the decrease in the width, we define a starting point as the inner edge
of the slit, which is shown by a red point (O), and take a coordinate along the circle.

Beginning from the point O, we measured the width every 45°, and denoted the width

by & O, 0, and J;, as shown by the red arrows in Fig. 5.5b.
The values of 0y, &y, &, and 03, measured at a condition of average injection

velocity V; =0.833m/s with the 1 mm slit width burner, are shown in Fig. 5.6. Here,

the lateral coordinate is the circumferential distance (x) from the point O. The width
gradually decreases with increasing x .  These widths are carefully examined.
Although the deviations are quite small, the scatters in the measurements are added in

the form of error bars in the figures to show how well they match to their own curves.

And it is found that 0, and 05 are almost inversely proportional to each other, whereas
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&, and &, show quite different tendency from 0, and d;.  This suggests that different

o 5 10 15 20 . .25
X [mm]

Fig. 5.6 Measured width at various circumferential distances

(W=1 mm.V, =0.833m/s).

types of flows coexist in the burner.
5.2.1.2 Boundary layer type flow

As well known, a boundary layer is developed along the wall, and a shear layer is
developed between two streams of different velocities. Also, it is known that a
potential flow is formed in such an axisymmetric flow field. Thus, it is reasonable to
expect that the flow inside the burner consists of two types.

One is the boundary layer type flow along the wall or the shear flow between two
streams [102], which situates around the periphery of the burner. The width may be

dependent on the injection velocity in a form that

118



O o

<=

(5.1)

in which ,is a kinematic viscosity, x is the distance from the starting point.

First, we examine the width J; by varying the injection velocity V.
shows the results, in which J; is plotted against ]/\/\7t It is seen that Oy is

proportional to ]7/\/V_t very accurately. This means that the flow around the slit is

dominated by a boundary layer type flow.

indicates that s, does not follow the relation of Eq. (5.1).

bit away from the wall seems to belong to the other type of flow.
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Fig. 5.7 Mixing layer thickness in the boundary layer type flow.
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5.2.1.3 Axisymmetric type flow

The other is an axisymmetric stretched flow which occupies the center area of the

burner. This flow has a stream function of the form that

¥ —ar’z, (5.2)

in which 5 is a velocity gradient, r and Z are the radial and axial distances from the
origin (stagnation), respectively [44].
Next, we examine the width s, also by varying the injection velocity V. As

for the axisymmetric stretched flow, there exists a stream function of the form of Eq.

5.2). If we denote the outer and inner stream lines of the flow injected from the upper

rightslitas ¥, and ¥, respectively, the following relation can be derived,

¥, —¥ =ar,’Z —ar’Z =a(r, + )1, ~1)Z, (5.3)

inwhich I, and I; are the outer and inner radii, respectively.
It should be noted that the value of ¥, —%¥ corresponds to the flow rate between

the two stream lines and (I, +5)=27 is an average diameter, while (f,—F)

corresponds to the width ¢of this stream. If a stream tube of constant flow rate is
focused, the width ¢ of this stream tube becomes almost inversely proportional to the
axial distance Z . In the case of present rotating flow, the axial distance is proportional

to the circumferential distance x, and hence, the following relation can be obtained.
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Namely, the width ¢ becomes almost inversely proportional to the circumferential

distance x through Eq. (5.4).

Figure 5.8 shows the variation of J, Witth , inwhich s, is plotted against ]/Vt .

Owing to different axial positions, measurements of s, made from the front view

show small deviation, however, it is seen that s, is almost proportional to ],/Vt , e,
5, Is almost inversely proportional to V.. This means that the flow inside is
dominated by an axisymmetric stretched flow field. In this figure, J; is also shown,

which indicates that 0p does not follow the relation of the axisymmetric stretched

flow.
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Fig. 5.8 Mixing layer thickness in the axisymmetric flow.

From the analyses, it is confirmed that there exist two types of flows in this burner.
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One is the boundary layer type flow near the slit exit, and the other is an axisymmetric
stretched type flow, the stream function of which is given in a form of ¥ =ar?z.
For the boundary layer type flow, the mixing layer thickness could be calculated

from the following equation,

S =8, = Ko/ WV, (5.5)

in which K, :4.25><10’4[m1'58_0'5] according to the results of Fig. 5.7.  While, for

the axisymmetric stretched flow field, the mixing layer thickness could be obtained by

Om =0, = Ky MV (5'6)

inwhich K, =2.32 ><104[m23_1] according to the results of Fig. 5.8.

5.2.2 Increased flow rate

In previous section (5.2.1), the mixing process in the burner of W=1 mm is
investigated under much lower injection velocities. It proposes that two types of flows
coexist and the mixing layer thicknesses have some relationships with injection velocity.
To substantiate these results, in this section, on one hand the injection velocities are
increased up to 0.079 m3\/h, on the other hand, the mixing process in the burners of

W=3,2 and 1 mm are investigated, respectively.
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5.2.2.1 Flow visualization

At the injection flow rate of 0.069 m3n/h, Fig. 5.9 shows the flow visualization
inside the three optically accessible burners W=3, 2 and 1 mm, respectively. The
seeded and non-seeded flows are both dry air flows. The other conditions remain the
same as that in section of 5.2.1.

It is seen that the flow visualizations as those of Q=0.048 m*y/h (for W=1 mm,
V=0.833m/s) could be obtained, however, due to difficulty of capture the particles
under increased of injection velocity, especially for W=1 mm (V; =1.198 m/s), the
quality of the image reduces.

In the case of W= 3 and 2 mm, it is seen in Fig. 5.9(a ) and (b) that the seeded
flows from the lower right slits abruptly shrink in width after the flow are injected from
the slits through the interactions with the non-seeded flow from the upper right slits.
In the case of W=1 mm, it is seen in Fig. 5.9c that the seeded flow from the lower
right slit once slightly expands in width when the flow is just injected outside from the
slit, however, the flow shrinks thereafter and the width gradually decreases.

For these three cases, the non-seeded flows from the upper right slits also shrink

and their widths, indicated by red arrows, decrease. To quantify the decrease in the
width, with the same methods, we define the starting point and also 0y, 0y, 0, and J;,

as shown by the red arrows in Fig. 5.9a.
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Fig. 5.9 Flow visualization (Q =0.069 m%/h , a: W= 3 mm, b: W= 2 mm, ¢: W= 1 mm).
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Fig. 5.10 Measured width at various circumferential distances
(W=3 mm, Qai= 0.069 m3y/h).

The values of Jy, d;, 9, and 3, measured at a condition of injection flow rate
Qair= 0.069 m*y/h with the 3 mm slit width burner, are shown in Fig. 5.10. It is also

found that &, and O3 are almost inversely proportional to each other, whereas

&, and J; show quite different tendency from J, and d;.  This suggests that different

types of flows coexist in the burner of W=3 mm, as those of W=1 mm. Thus, we can
further expand our conclusion that the boundary layer type flow and axisymmetric flow
coexist in the rapidly mixed type tubular flame burner with such a configuration. In
the following, the boundary type flows and the axisymmetric flows in three types of

burners are examined, respectively.

5.2.2.2 W=3mm

The width J; is examined by varying the injection velocity Vi, as shown in Fig.
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5.11. It is seen that O, is proportional to ]/\/\7t with a coefficient of
Ko, =351x10~* [ml'ss_o's] . This means that the flow around the slit is dominated by a
boundary layer type flow. In Fig. 5.12, &, is plot against 1/\/t , which indicates that

5, Is proportional to ],/Vt. This illustrates that the flow inside is dominated by an

axisymmetric stretched flow field.

11—
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0.75} 0o = I~ 1
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S
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]/\M [m/S]f()S
Fig. 5.11 Mixing layer thickness in the boundary layer type flow (W= 3 mm)
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Fig. 5.12 Mixing layer thickness in the axisymmetric flow (W= 3 mm).
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5.2.2.3W=2mm

Under the same flow rates, for W= 2 mm the width jand 5, are examined by

varying the injection velocities V;, as shown in Figs. 5.13 and 5.14.

dy is proportional to 1/\V; with a coefficient of K, =4.03x104[m"%s%°].

It is seen that

While

&, s proportional to ]/Vt with a coefficient of k, =1.52x10-4[m?% 7.

0.251

0.75f

& [mm]

5= Ko

t

Ky=4.03x10"[m"*s*7]

15

2 2.5
]/N [m/S]—O.S

Fig. 5.13 Mixing layer thickness in the boundary layer type flow (W= 2 mm).
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Fig. 5.14 Mixing layer thickness in the axisymmetric flow (W= 2 mm).
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5.2.2.4W=1mm
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Fig. 5.15 Mixing layer thickness in the boundary layer type flow (W= 3, 2 and 1mm).
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Fig. 5.16 Mixing layer thickness in the axisymmetric flow (W=3, 2 and 1 mm).

For W=1 mm, as shown in Figs. 5.15, 0y is proportional to ]7/\/\7t with a

coefficient of KO:4.36><10—4[m1‘53_0'5], which is almost equal to the coefficient
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obtained in section 5.2.1 (KO:4.25><10—4[m1'5s_0'5]) within 2.59%. Figure 5.16

shows the accurate proportional relation between s, and ],/Vt . The coefficient is
K, = 2.44x10-4[m?s~*] Which agrees with the value obtained under lower injection
velocity (K, = 2.32x10-4[m2s*]) Within 5.17%. In Figs. 5.15 and 5.16, the relations
in W= 3 and 2 mm are also shown. For the same injection velocity, where the flow
rate of W= 1 mm is 1/2 or 1/3 of that in the W= 2 and 3 mm, respectively, due to the

effect of stretch rate especially for 3 mm, the coefficients for W= 3 mm are the smallest.
5.2.2.5 Summary and comparison

In this section, the flow rate is increased up to 0.079 m3/h and the mixing
processes in three burners are examined respectively. The results confirm two types of
flow: the boundary layer type flow and the axisymmetric flow, which dominate the

region close to the injection slit and the center area downstream the slits, respectively.

The mixing layer thickness in the boundary layer type flow is proportion to ]7/\/V_

while the mixing layer thickness in the axisymmetric flow is proportional to ]/Vt.

The concrete values of the coefficients are obtained by changing the injection velocities.
The injection velocity is proportion to the flow rate. And the measurements are
made under the same flow rates for the three burners. For systematical analysis, the

measured width dpand J, are examined by varying the flow rate. Figure 5.17 shows
that the mixing layer thicknesses are in proportion to 1/\/6 for the boundary layer type

flow. The coefficient for W= 3 mm is the largest and slightly decreases for W= 2

mm; while that for W= 1 mm is relatively smaller. Since the flow visualizations for
W=3 and 2 mm are close to each but different with W=1 mm. The other factor is the
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Fig. 5.17 Mixing layer thickness varying with flow rate in the boundary layer type flow.
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Fig. 5.18 Mixing layer thickness varying with flow rate in the axisymmetric flow.
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injection velocity, which is smallest in W= 3 mm while largest in W= 1 mm.

Figure 5.18 shows the proportional relation between the mixing layer thickness (d,)
and the inverse value of flow rate in the axisymmetric flow. The coefficients are much
smaller and decrease with a decrease of slit width. The results illustrates that the
mixing occurring in the axisymmetric flow (center region) runs faster than in the
boundary layer type flow (close to the exits of slits). And the mixing in W=1 mm

performs best among three cases.
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5.3 Mixing layer under different injection flow rate

The mixing processes in three burners have been investigated with the flow
visualizations for which the injection velocities of seeded flows and non-seeded flows
are the same. In actual it is common that the injection velocities of fuel and oxidizer
are different and hence the mixing may be different from the case with same injection
velocity. For stoichiometric methane/oxygen condition, the flow rate of oxygen is
twice as that of the methane flow rate. In this section, the mixing processes where the
injection velocity of the seeded flow is a half of the non-seeded flows are investigated in
three burners. The results are analyzed in detail to give a general estimation of the

mixing layer thickness.

5.3.1 Flow visualization

For different injection velocities, two methods have been tried. With injection
velocity of the seeded flow twice as that of the non-seeded flow, the flow visualization
is shown in Fig. 5.19. It is seen that the upper right non-seeded flow shrinks much
after injected outside the slits and its width becomes much smaller when meets the
lower right seeded flow. The mixing layer thickness is hard to measure under such
condition. The other method is set the injection velocity of the seeded flow smaller

than that of the non-seeded flow, say, a half, which will be discussed in the following.
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Fig. 5.19 Flow visualization for injection velocity of seeded flow (Qs=0.069 m*\/h)
twice as that of the non-seeded flow (Qnons =0.0345 m3N/h), W=2 mm.

5.3.1.1 W=3mm

At the injection flow rates of Qs=0.0345 m®y/h for seeded flow and Qo= 0.069 m*y/h
for non-seeded flow, Fig. 5.20 shows the flow visualization inside the optically
accessible burner W=3mm. The measured position is the same as previous
measurements.

Comparing with the case of same injection velocity, the seeded flow from upper
left shrinks much once meets the non-seeded flow from the upper right. The width of
the non-seeded flow from upper right slit is almost twice as that of the seeded flow from
the upper left and then decreases as the flow goes around (denoted by the red arrows).

In current study we focus on the mixing near the injection slit, i.e. as discussed

previously the mixing in the boundary layer type flow. However, how to choose the
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mixing layer thickness, whether the boundary layer type still exists or not and which
injection velocity should be used are needed to discussed firstly.

Despite the boundary type flow or the axisymmetric flow, the mixing layer
thickness decreases with an increase of injection velocity. For the case of same
injection velocities, the mixing layer could be measured by either of the flow. For the
case of different injection velocities, the mixing layer mainly depends on the flow with
lower velocity. This could also be explained in Fig. 5.20. For the higher velocity
flow (non-seeded flow), the mixing means to diffuse into and even pass the seeded flow,
and hence the width of the seeded flow could be considered as the mixing layer
thickness for the non-seeded flow; while for the lower velocity flow (seeded flow), the

mixing means to diffuse into the non-seeded flow. The width of the non-seeded flow

Fig. 5.20 Flow visualization under different injection flow rate
(Qnons=0.069 m*y/h, Qs=0.0345 m3y/h, W= 3 mm).
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Fig. 5.21 Mixing layer thickness in the boundary layer type flow (W= 3 mm).

could be considered as the mixing layer thickness. It is seen in Fig. 5.20 that after
injected outside the slit the width of the non-seeded flow is always larger than that of
the seeded flow, hence rate determining process.  Therefore, it is reasonable to choose
oo (the width of non-seeded flow). And the width of the non-seeded flow is dependent

on the flow rate hence the injection velocity of the non-seeded flow.
In Fig. 5.21, dy is plot against ]/\/W There is a proportion between them and

the coefficient is 6.0E-4 m*>s®° which is slightly larger than that of the same injection
velocity. The results means that the boundary layer type flow still dominant the flow
close to the injection slits and if reduces the injection velocity of one flow the mixing

layer thickness increases.
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5.3.1.2W=2mm

Figure 5.22 shows the flow visualization inside the optically accessible burner W=2 mm.

And Jy is plot against ]/J\Ttin Fig. 5.23 which shows the proportional relationship

between & and ]/ JV. . The coefficient is 6.19E-4 m"s®® which is a bit larger than

that of the same injection velocity in W=2 mm.

Fig. 5.22 Flow visualization under different injection flow rate
(Qun=0.069 m*y/h, Qs=0.0345 m®/h, W= 2 mm).
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Fig. 5.23 Mixing layer thickness in the boundary layer type flow (W= 2 mm).

o

5.3.1.3 W=1mm

Figure 5.24 shows the flow visualization in the optically accessible burner of
W=1mm. The non-seeded flow from the upper right slit becomes hard to measure

when it flows downstream the lower left non-seeded flow. Figure 5.25 shows the
proportional relation of & and 1/, . The coefficient is 5.99E-4 m"°s®* which is

much close to those of in W=3 and 2 mm.
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Fig. 5.24 Flow visualization under different injection flow rate
(Qun=0.069 m*y/h, Qs=0.0345 m®y/h, W= 1 mm).
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Fig. 5.25 Mixing layer thickness in the boundary layer type flow (W= 1 mm).
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5.3.2 Analysis
5.3.2.1 Coefficients of the boundary layer type flow

In the boundary layer type flow, the mixing layer thickness under the same flow
rate and that with one flow rate twice as the other could be estimated by measured
coefficient through Eg. (5.5). For other conditions, it is hard to measure all the
coefficients through experiments. Based on the measured coefficients, we try to
deduce a general relation to estimate the mixing layer thickness under various flow rates
of fuel and oxidizer.

Here take the mixing layer thickness in the boundary layer type flow in the burner
of W=1 mm as an example. For the case that seeded flow rate is half of the
non-seeded flow, the injection velocity of the seeded flow (Vis) is half as that of the
non-seeded flow (Vtnon). The mixing layer thickness could be estimated by two ways.
One is based on the measured coefficient of different injection velocities obtained in
5.3.1.3 and the injection velocity of the non-seed flow (higher velocity). Thus the

mixing layer thickness (&) could be given by the following relation that,

Ko  599x10* 599x10“ 4.236x10™ (5.7)

_\/thnon B \/Vt—non - \/ZXVLS - \/;tfs

The other is based on the measured coefficient under the same injection velocities
obtained in 5.2.1, however, we assume the mixing occurs under the lower injection

velocities (Vis). Thus, & could be given by Eq. (5.8),
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-4
Ko _ 4.25x10 (5.8)

Comparing these two methods, the mixing layer thickness obtained by Eq. (5.7) is
99.67% as that obtained by Eq. (5.8). The results are almost the same. Though it
needs to be further approved, based on the analysis we make an assumption that the
mixing layer thickness (&) of different injection velocity could be estimated by Eq.
(5.8), in which V¢ stands for the lower injection velocity.

The same analyses are made for W =2 and 3 mm. For W= 2 mm, the following

two relations are obtained,

Ko _619x10" _6.19x10“ 4.37x10™* (5.9)

\/Vt—non \/thnon - W\ 2 XVt,S - A/ ; t—s

-4
Ko _ 4.03x10 (5.10)

\/Vt—s \/Vt—s

The mixing layer thickness obtained by Eq. (5.9) is 108.44% as that obtained by
Eqg. (5.10), which is within 10%. We still can roughly estimate the mixing layer
thickness of different velocity ratio through Eq. (5.10).

For W=3 mm, the following two relations are obtained,

-4 -4 —4
5. =8, = Ko _ 6.00x10 _ 6.00x10 _ 4.24x10 (5.11)
\/Vt—non \/Vt—non \ 2 th—s \/Vt—s
-4

Wi Wi
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The mixing layer thickness obtained by Eq. (5.11) is 120.88% as that obtained by
Eq. (5.12). For this case, using the Eq. (5.12) to estimate the mixing layer thickness
may cause big deviation and the coefficients of various injection velocity ratios should

be obtained through experimental measurements.

5.3.2.2 Validity for applying to combustion tests

The mixing layer is so thin in practice that the measurements are made at low
injection velocities. However, the boundary layer type thickness, which depends on

the inverse square root of the approach velocity such as Eq. (5.5), can be hold as long as
the laminar condition is maintained. The Reynolds numbers, defined as VtW/V, at

the low injection velocities for the thickness measurements were the order of 200, while
those at actual combustion tests were the order of 2.0x10*. According to a textbook
by Schlichting, H. [112], the boundary layer thickness which is defined by Eq. (5.13),

could be valid until the Reynolds number reaches 3.2 x10°, as shown in Fig. 5.26.

5=50 1% (5.13)

in which is viscosity, x is the distance and u_is approach velocity. Egq. (5.13) has
the same form as the boundary layer thickness in current study. Thus, it can be
considered that Egs. (5.5) and (5.7~ 5.12) are still valid for high injection velocities at

the actual combustion tests.
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Fig. 5.26 The boundary layer thickness (upper) and the coefficient
varying with Reynolds number (lower) [112].

Once ignited, the flow field inside the flame is changed due to high temperature
and low density. However, the unburned cold flows outside the flame may not be
significantly disturbed especially in the circumferential direction. As shown in Fig.
5.27, Shimokuri et al. [113] measured the circumferential velocity in a 2-inch tubular
flame burner. It is seen that outside the flame front, the circumferential velocity of
cold flow is much close to that of the combustion condition. Thus, it is reasonable to

expect that Egs. (5.5) and (5.7~ 5.12) are still valid for actual combustion tests.
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143



5.4 Mixing time

Based on these two mixing layer thicknesses, the mixing time can be estimated
through Eq. (5.14). Due to different injection velocities, hence different mixing layer
thicknesses of methane and oxygen, as discussed in 5.3.2, for W=2 and 1 mm, the
boundary layer thickness could be the calculated with lower injection velocity. Under
very lean condition, due to lower injection velocity of fuel, the mixing layer thickness
of methane becomes thicker, resulting in the rate determining process.  Thus, the

mixing layer thickness of methane should be taken to calculate the mixing time.

T

_ Scr,Ochy (5.14)
m ’
DCH4—02

in which 5, are the mixing layer thicknesses for methane flow, and p,  is mass

o

diffusivity of methane/oxygen mixture and here Dgy,, o, =0.23 cm?fs is adopted.

Based on above analysis, the mixing time has been calculated through Eqg. (5.5)
and Eq. (5.14). The results are plotted against the equivalence ratio in Fig. 5.28, where
the oxidizer flow rate and oxygen mole fraction have given. Comparing with the
decreasing trend of reaction time in Fig. 4.22, the decrease of mixing time is much slow.
For the same oxidizer flow rate (10 m3\/h), at the same equivalence ratio the mixing
time of pure oxygen is smaller than that of f =0.684. If decreases the oxidizer flow

rate, then the mixing time increases.
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Fig. 5.28 Variation of mixing time with equivalence ratio at given oxidizer flow
rate (W=1 mm, Qo= 10, 4 m*y/h).
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5.5 Summary

To quantify the mixing process in the rapidly mixed tubular flame combustion, the
flow field is visualized by a PIV system. With three quartz burners of different slit
widths, the mixing layer thicknesses are examined under the same and different flow
rates of the seeded flow and non-seeded flow. The following are concrete conclusions:
(1) There exist two types of flows, a boundary layer type flow near the exits of the
slits close to the wall, and an axisymmetric potential flow around the axis of rotation;
(2) The mixing layer thickness in the boundary layer type flow is proportional to the
inverse square root of injection velocity; while for the axisymmetric flow, the thickness
is in proportion to the inverse value of injection velocity. The coefficients of both type
flows are discussed in three types of burners, respectively.

(3) For the mixing layer with injection velocity of seeded flow half of that the
non-seeded flow, the thicknesses in boundary layer type flow are examined. For W=2
and 1 mm, the mixing thickness could also be roughly calculated by the coefficients
obtained under the same injection velocity using the lower injection velocity (seeded
flow). And this is further assumed to estimate the mixing layer thickness under
various injection velocity ratios in W=2 and 1 mm.

(4) Mixing time can be calculated by the mixing layer thickness of the flow with

lower injection velocity.
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Chapter 6 Discussion on the Requirement
for Rapidly Mixed Oxygen Enhanced Tubular

Flame Combustion

6.1 Introduction

In this chapter the requirement for establishment of rapidly mixed oxygen
enhanced tubular flame combustion will be discussed. For conventional fuel/air
rapidly mixed tubular flame combustion, swirl numbers larger than 5 and injection
velocities higher than about 20 m/s are required for stable combustion [33]. Under
high oxygen mole fraction, however, diffusion flames anchored at the exits of slits
interrupt the mixing of fuel and oxidizer, resulting in an oscillatory combustion. Thus,
the first step is to inhibit the diffusion flame.

For combustion of high oxygen mole fraction, the reaction rate increases much
hence shorter reaction time. While for rapidly mixed tubular flame combustion, before
the onset of reaction, mixing of fuel and oxidizer is required to be completed, resulting

in that the mixing time should be smaller than reaction time. Therefore, Damkohler
number (D, ), defined as the ratio of mixing time to reaction time (Eq. (6.1)), is referred

to quantitatively analyze the establishment of rapidly mixed oxygen enhanced tubular

flame combustion.
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D, =-1, (6.1)

The Damkohler number is particularly important in combustion processes, which
determines a number of conditions including whether complete mixing occurs and
pollution formation [114]. Koutmos [115] employed the Damkohler number to derive
an extinction criterion in turbulent methane jet diffusion flames. Ghoniem and
Heidarinfjad [116] investigated the effect of Damkohler number on the reactive zone
structure in a shear layer. And in many other studies Damkohler number has been
discussed to illustrate various combustion processes [54, 102, 116].

As an example, the Damkohler number for rapidly mixed oxygen enhanced tubular
flame combustion is discussed. In Chap.4 we have calculated the reaction time and
based on the experimental results in Chap.5, mixing time could be estimated, and then

the Damkohler number will be obtained.
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6.2 Inhibit diffusion flame by reducing slit width

In combustion tests, the diffusion flame has been successfully inhibited by
reducing the slit width from 2 mm to Imm. Here, with the local flow visualization, the
differences between burners of W= 2 and 1 mm are discussed.

Though the inner diameter of these burners are the same, due to different widths of
injection slits, hence different injection velocities under the same flow rate, the flow
visualization show some differences. For W= 3 and 2 mm the flows abruptly shrink in
width after injected outside the slits, while for W= 1 mm, the flow expands after
injected outside the slit and then shrinks. Here the local visualizations close to the
lower right seeded flow inlets are discussed under different injection velocities. As

shown in Fig. 6.1(a), the flow rate is Q=0.03 m®/h. For W= 2 mm (upper), the width

ot ,y W=2mm

LJL'/<:IA1r+MgO

/ W=1mm
A MO

(b) Q=0.069 m*y/h

Fig. 6.1 Local flow visualization close to the seeded flow injection slit ((a) Q=0.03
m>w/h, (b) Q=0.069 m3/h, upper: W=2 mm, lower: W=1mm).
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of the seeded flow (A,) is smaller than the slit width (broken lines), which means the
seeded flow shrinks; while for W=1mm (lower), the width of the flow (1;) is larger than
the slit width (broken lines), which means the seeded flow expands. With an increase
of flow rate (Q= 0.069 m>y/h), as shown in Fig. 6.1 (b), the widths of the flow (A, and
M) reduces. Hence the flow in the burner of W=2 mm further shrinks; while in the
burner of W=1 mm, though the flow width (A;) decreases it still larger than the slit
width, which shows slightly expands. For the same flow rate, though the flow shrinks
in the burner of W=2 mm while expands in W=1 mm, the width of the seeded flow (A,)
in W=2 mm is larger than that of W=1 mm (A;). And the average injection velocity of
W=2 mm is half that of W=1 mm. These two illustrate that the mixing in the burner of
W=1mm performs better.

Due to the shrunk flow and weaker performance of mixing in W=2 mm(comparing
with W=1 mm at the same flow rate), in the combustion tests diffusion flames are
frequently anchored at the exits of fuel slits. Thus, to establish rapidly mixed tubular
flame at high oxygen mole fraction, the slit should be thinner to inhibit the diffusion

flame and promote mixing of fuel and oxidizer.
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6.3 Damkolher number

At first, four cases of pure oxygen combustion in the lower pictures of Fig. 3.27,
where the slit width W= 1mm and oxygen flow rate Qo= 4.0 m3\/h, are discussed on
the requirement for the establishment of rapidly mixed tubular flame combustion.

According to the flow rates, the oxygen injection velocity is 69.44 m/s, while the
methane velocities are 4.17, 5.21, 5.90 and 17.36 m/s. Based on the equivalence ratios
the reaction times have been calculated in chapter 4. The mixing layer thicknesses, the
mixing times and the Damkohler numbers for both types of flows are calculated and
listed in Table 6.1.

For the case of & =0.12, the reaction time is 19000 us; the average injection
velocity of methane is much lower than the oxygen flow; in boundary layer type flow,
the mixing layer thickness of methane is about four times as that of oxygen; based on
the mixing layer thickness of methane, the mixing time is 1885us, thus the Damkohler
number is 0.099, which is much less than unity, suggesting that the mixing time is
shorter than the reaction time. For the axisymmetric flow, the mixing layer
thicknesses are much smaller than those of boundary layer type flow; the mixing time is
8.09 ps, which is about 1/200 that of the boundary layer type flow; the Damkohler
number is also much smaller.

When @ is increased to 0.15, the reaction time is significantly reduced to 2070 ps.
While the mixing layer thickness of methane is slightly decreased, from 208 to 186 um;
the mixing time reduces to 1508 ps, and the Damkohler number is 0.725, which is also
less than unity. For the axisymmetric flow, the mixing layer thicknesses are still much
smaller; the mixing time is 6.47 ps and the Damkohler number is 0.0415, which is much

smaller than that of boundary layer type flow and unity.
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When & is further increased to 0.17, the reaction time is reduced to 981 ps; while
the mixing layer thickness of methane changes little, decreasing from 186 to 175 pym;
the mixing time reduces to 1331 ps; hence the Damkohler number is 1.356, which is
larger than unity, suggesting that the mixing time is longer than the reaction time. For
the axisymmetric flow, the Damkohler number is 0.0685, which is still much smaller
than unity.

When @ equals to 0.5, the reaction time is reduced to 32 ps; the mixing layer
thickness of methane is 102 um, which is twice as that of oxygen; the mixing time is
452 ps and the Damkohler number is 14.094, suggesting that the mixing time is longer
than the reaction time. For the axisymmetric flow, the Damkohler number is 0.2412,
which is still smaller than unity.

It is very important to note that in the cases when a tubular flame is established, i.e.,
@ =0.12 and 0.15, the Damkohler numbers for the boundary layer type flow are less
than unity, suggesting that the mixing has completed before the onset of reactions,
resulting in a tubular flame combustion of premixed type. In the cases when the
tubular flame cannot be fully established, i.e., @ =0.17 and 0.50, Damkohler number

become larger than unity, suggesting that the mixing has not yet completed before the
onset of reactions. This means that D, based on the boundary layer type flow can

well describe the establishment of tubular flame combustion. The Damkohler numbers
for the axisymmetric type flow are much less than unity, and seem not related with the
tubular flame establishment. This is reasonable since this flow is far away from the

mixing region.
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Table 6.1
Damkohler Number for pure oxygen combustion (W=1mm, Qo,= 4.0m*\/h)

Boundary Layer Type Flow Axisymmetric Type Flow Tubular flame
P ul establishment
Veoz[mis] Vicra[s]  Imop [bm] Smcre[bm]  Tmluws]  Da  Omoa[uml  Imcra [Mm] T [us] Da
0.12 19000 69.44 4.17 51 208 1885 0.099 3.34 55.7 8.09 0.0071 Success
0.15 2070 69.44 5.21 51 186 1508 0.725 3.34 44.5 6.47 0.0415 Success
0.17 981 6944  5.90 51 175 1331 1.356 3.34 39.3 571  0.0685 Failure
050 32 69.44  17.36 51 102 452 14049 334 134 1.94 0.2412 Failure
Table 6.2
Damkohler Number for tubular flame combustion under various £ (W=1mm, Qo= 10.0m%y/h)
Boundary Layer Type Flow Tubular flame
po® wl] establishment
Viowi [Ms]  Vicra[M/s] dmoxi [MM] Smcna [UM] 7 [ps] Da
0.684 0.18 11643 173.6 10.7 32 130 735 0.063 Success
0.684 0.278 475 173.6 16.5 32 105 475 1.000 Success
0.842 0.14 18882 173.6 10.2 32 133 767 0.041 Success
0.842 0.215 624 173.6 15.7 32 107 499 0.801 Success

Table 6.3
Damkohler Number W=2mm (Qo.= 10.0m>y/h)
Boundary Layer Type Flow Tubular flame
pooe wl - establishment
Vioxi [M/S] Vicha [M/S] Im.oxi [MM] Omecria [UM] 7 [WS] Da
0.842 0.172 3232 86.8 6.3 43 161 1123 0.378 Success
0.842 0.215 624 86.8 7.8 43 144 899 1.44 Failed
1.0 0.136 18882 86.8 5.9 43 166 1196 0.191 Success
Failed, due to
1.0 0.15 624 86.8 6.5 43 158 1084 0.521

diffusion flame
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Based on the discussion of Damkohler number for pure oxygen combustion in
W=1 mm, the Damkohler number calculated from the boundary layer type flow is also
analyzed for oxygen-enriched air combustion, as listed in Table 6.2. The slit width is 1
mm and the oxidizer flow rate is 10.0 m*/h. According to the results in Fig. 3.8, the
upper stable tubular flame ranges for # =0.684 and 0.842 are &= 0.278 and 0.215,
respectively. And for these two cases, the calculated Damkohler numbers based on the
mixing layer thickness of methane are 1.0 and 0.801 (2" and 4™ rows), both of which
are no more than unity. At lower equivalence ratio for each g, the Damkohler number
is less than unity and stable tubular flame has been obtained. These results illustrate
that the Damkohler number based on the boundary layer type flow is also valid to
quantify the establishment of oxygen-enriched air tubular flame combustion.

Finally, the Damkohler number for the cases in W= 2 mm is discussed according to
the stable tubular flame range plotted in Fig. 3.8. For the case of =0.842, the stable
tubular flame could be obtained up to &= 0.172, and the Damkohler number based on
the boundary layer type flow is 0.378. At &= 0.215, D, becomes larger than unity and
tubular flame is failed to establish, while that in W=1 mm tubular flame has been
obtained. For g =1.0, the stable tubular flame is obtained up to @= 0.136, where D, =
0.19. With an increase of overall equivalence ratio to 0.15, the Damkohler number is
0.52, less than unity, however, tubular flame has not been obtained due to the
establishment of diffusion flames at the exits of fuel slits. It can be seen that the
discussion on Damkohler number is also very useful for W=2 mm. However, only at
low equivalence ratios, where diffusion flame has been inhibited and also the

Damkohler number is less than unity, rapidly mixed tubular flame could be achieved.
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6.3 Summary

Slit width of the burner should be thin to increase mixing and inhibit the diffusion
flame. Based on the calculated reaction time and estimated mixing time, the
Damkohler number has been yielded to successfully quantify the requirement of rapidly
mixed oxygen enhanced tubular flame combustion. The following are concrete
conclusions:

(1) Slit width of the burner should be much thin to inhibit diffusion flame and promote
mixing of fuel and oxygen.

(2) The Damkohler number based on the boundary layer type flow gives useful
insights on success/failure of rapidly mixed type tubular flame combustion. That
is, for W= 1mm, the Damkohler number is less than unity, the mixing is
completed before the onset of reactions, resulting in tubular flame combustion; for
W= 2 mm, except that the Damkohler number should be less than unity, the

diffusion flame should also be inhibited to achieve tubular flame combustion.
(3) The Damkohler number based on the axisymmetric flow failed to interpret the

requirement due to far away from the mixing region.
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Chapter 7 Conclusions

In this study, an inherently safe technique, rapidly mixed oxygen enhanced tubular
flame combustion has been proposed to save energy and reduce the CO, emissions.
Demands for energy saving and lower CO, emissions, development of tubular flame
combustion and oxygen enhanced combustion are overviewed. Oxygen enriched-air
combustion under various oxygen mole fractions and pure oxygen combustion have
been experimentally investigated with the rapidly mixed tubular flame technique. To
quantify the requirement for rapidly mixed oxygen enhanced tubular flame combustion,
reaction time has been numerically calculated while mixing time is estimated to yield
the Damkohler numer. Based on the analytical results obtained from experimental
analysis and numerical calculations the following results are obtained.

In Chap. 3 [Flame Characeristics of Rapidly Mixed Oxygen Enhanced Tubular
Flame Combustion], under various oxygen mole fractions (including pure oxygen), the
flame characteristics including flame appearances, inflammability limit, stability and
oscillatory combustion have been experimentally investigated, and the following results
are obtained.

(1) When the oxygen mole fraction in oxidizer is less than 40%, rapidly mixed
tubular flame combustion of methane/oxygen-air could be achieved within
flammable range, which has almost the same flame appearances as that of
methane/air.

(2) When the oxygen mole fraction is increased to high value, say, above 77%,

diffusion flames are anchored at the exits of the fuel slits, which inhibit the
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mixing of fuel and oxidizer, resulting in intense oscillatory combustion. With
a decrease of equivalence ratio, stable tubular flame is obtained, whose range is
limited at the vicinity of lean limit.

(3) With an increase of oxygen mole fraction, stable tubular flame range in
equivalence ratio becomes narrower while the oscillatory combustion range
enlarges; the upper limit of stable tubular flame in W = 1 mm is larger than that
of W =2 mm, while the lean limits are almost the same.

(4) As for pure oxygen combustion, in the burner of W= 2 mm, diffusion flames
are anchored at the exits of fuel slits interrupting the mixing of fuel and oxygen.
By increasing the flow rate, hence increasing injection velocity, the diffusion
flame cannot be totally inhibited and intense oscillatory combustion occurs.

(5) For W= 1 mm, when equivalence ratio is large, turbulent combustion become
dominant; with a decrease of equivalence ratio, stable tubular flame
combustion is obtained and remained until extinction. Under various oxygen
flow rates, stable tubular flame ranges are examined, which is about 0.11 ~
0.18 in equivalence ratio.

(6) The oscillatory combustions for oxygen-enriched air (# = 0.661 and 0.868) and
pure oxygen are tested, respectively. The pressure fluctuations are almost
over + 10 kPa.  And the oscillatory combustion seems belong to the acoustic
resonance of axial mode.

In Chap. 4 [Numerical Calculation of Burning Velocities and Reaction Time],

the burning velocity and reaction time are computed with the Chemkin Premix code,
and the following results are obtained.

(1) The burning velocities of methane/oxygen-air mixtures under various oxygen
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(3)

(4)

mole fractions and equivalence ratios are computed and the results show good
agreements with experimental data.

The burning velocities and flame temperature of CH4/O,-CO,, H,/O, and
C3Hg/O, are summarized for oxy-fuel combustion.

Laminar flame thickness is computed through the temperature profile obtained
along with the burning velocity calculation.

The reaction time is calculated. For methane/oxygen mixture, with an

increase of equivalence ratio, the reaction time reduces rapidly.

In Chap. 5 [Mixing Process Analysis in the Rapidly Mixed Type Tubular Flame

Burner], the mixing layer thicknesses are examined under the same and different flow

rate of the seeded flow and non-seeded flow, and the following results are obtained.

(1)

@)

(3)

There exist two types of flows, a boundary layer type flow near the exits of the
slits close to the wall, and an axisymmetric potential flow around the axis of
rotation;

The mixing layer thickness in the boundary layer type flow is proportional to
the inverse square root of injection velocity; while for the axisymmetric flow,
the thickness is in proportion to the inverse value of injection velocity. The
coefficients of both type flows are discussed in three types of burners,
respectively.

For the mixing layer with injection velocity of seeded flow half of that the
non-seeded flow, the thicknesses in boundary layer type flow are examined.
For W=2 and 1 mm, the mixing thickness could also be roughly calculated
through the coefficients obtained under the same injection velocity but use the

lower injection velocity (seeded flow).
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(4) Mixing time has been calculated by the mixing layer thickness of the flow with

lower injection velocity.

In Chap. 6 [Discussion on the Requirement for Rapidly Mixed Oxygen
Enhanced Tubular Flame Combustion], with calculated reaction time and estimated
mixing time, the Damkohler number is yielded to quantify the requirement for rapidly
mixed oxygen enhanced tubular flame combustion. The following results are
obtained:

(1) Slit width of the burner should be much thin to inhibit diffusion flame and

promote mixing of fuel and oxygen.

(2) The Damkohler number based on the boundary layer type flow gives useful

insights on success/failure of rapidly mixed type tubular flame combustion.
That is, for W= 1mm, the Damkohler number is less than unity, the mixing is
completed before the onset of reactions, resulting in tubular flame combustion;
for W= 2 mm, except that the Damkohler number should be less than unity, the
diffusion flame should also be inhibited to achieve tubular flame combustion.

(3) The Damkohler number based on the axisymmetric failed to interpret the

requirement due to far away from the mixing region.

Finally, several recommendations are made for future researches in this field. As
for the measurements of pressure fluctuations for oscillatory combustion, further
measurements should be carefully conducted from two aspects: (a) try different the test
positions and adjust the distance between the pressure sensor and flame; (b) measure the
flame temperature, to provide accurate sound speed for resonance mode analysis.

The mixing layer thicknesses under different injection velocity ratios (flow rates)
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of seeded and non-seeded flow, like 2/3 or 1/3, would be further examined to yield more

general results.
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