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ABSTRACT

In this thesis, the effect of radiative heat loss on extinction of spherical diffusion
flame stabilized by a spherical porous burner was investigated by activation energy
asymptotics. The flow field was developed by issuing a reactant flow from the burner
into a quiescent ambient filled with the other reactant. A one-step, overall and
irreversible reaction that follows an Arrhenius kinetics with high activation energy was
adopted to model the combustion reaction. The radiative heat loss rate was described by
an optically thin model. Based on which reactant is supplied from the burner and how
the inert gas is distributed, four model flames, namely the flames with fuel issuing into
air, diluted fuel issuing into oxygen, air issuing into fuel, and oxygen issuing into diluted
fuel were studied to understand the effects of stoichiometric mixture fraction and flow
direction. Results show that when the flow rates fixed, only the conventional kinetic
extinction limit at low Damkdhler number (low residence times) was observed. The
effect of radiative heat loss was to promote extinction such that it is easier to occur. By
keeping the radiation intensity constant while varying the flow rate, both the kinetic and
radiative extinction limits, representing the smallest and largest flow rates between which
steady burning is possible, were exhibited. For flames with low radiation intensity,
extinction was primarily characterized by the residence time such that the high-flow rate
flames were easier to be quenched. As to the flames suffering strong radiative heat loss,
extinction was dominated by the energy loss so the flame with larger size is weaker and

easier to extinguish.
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Chapter 1

Introduction

Prehistoric humans living in the glacial period had to struggle day and night
against cold and hunger. By accident some of them discovered the use of fire, flame
became a friend of human beings ever since. Caves that people resided in were lit and
warmed up by smoldering branches of burning wood. Fire thus turned the cave into a
cozy little room. They also found food tasted better when roasted, which completely
changed our eating habit and food preparation processes. Fire which serves as an
indispensable element in human life can sometimes lead to severe disasters if it is out of
control. Taking a recent wildfire in Esperanza, Southern California on October 26, 2006
as an example, the fire burned an estimated 40,200 acres, resulting in the deaths of five
firefighters, destroyed 34 houses and 20 outbuildings, and severely damaged California
State Route 243 [1]. This incident demonstrated the cruel aspect of fire that it will
become a major hazard to people’s life and properties if not properly controlled.
Concerning the safety and quality of human life, scientists and engineers have devoted
tremendous effort to research activities on flame behaviors and control, such as ignition
and flame suppression (extinction).

No less than the damage caused by unwanted fires, incomplete combustion and
unsteady burning could also pose serious threats to people. These phenomena cause a
weakening of burning and might result in undesired flame extinction. As a result, large

quantities of pollutants are produced and precious fuels are wasted. A primary pollutant
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that is produced through incomplete reaction is dark powdery soot. We see those
powdery particles very often accumulated in chimneys and automobile mufflers, as well
as emerging from the tail pipes of trucks and buses. It has been polluting our atmosphere
and is hazardous to our lungs and general health when the particle is less than 35
micrometers in diameter, because it cannot be filtered out by our upper respiratory tract.
On the positive side, socot can be utilized in many aspects. It has been used in early times
as a source for carbon black, which is a common pigment used in paints and inks; and
still is widely used in printing inks, toners for xerography, laser printers, and chemical
industry nowadays [2]. From the stance of combustion, however, a steady, robust
burning process is always desired to ensure better efficiency.

Extinction of diffusion flames has received tremendous attention in both
theoretical and experimental combustion studies because of its fundamental and practical
importance, though chemical and fluid mechanical complexities are always entwined.
Examples of its application include loss of power in gas turbine engines and industrial
furnaces, waste of fuels and pollution production from power plants, and issues related to
fire safety. Theoretical analysis on extinction of diffusion flames was first performed by
Fendell [3] in 1965. A detailed analysis of the structure and extinction of diffusion
flames by means of a singular perturbation method was first reported in a seminal paper
by Lifidn in 1974 [4] through a one-dimensional counterflow diffusion flame. In his
study, a one-step, overall and irreversible reaction that follows Arrhenius kinetics with
high activation energy was considered. Heat loss from the flame was neglected such that
the flame was assumed adiabatic. Flame extinction was observed at a minimum

Damkdhler number, below which steady burning is not possible. Damkd&hler number is
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defined as the ratio of characteristic diffusion time to chemical reaction time. This
extinction state exists because the reaction rate is too slow compared to the flow rate and
the flame fails to sustain itself. It is observable without external energy loss and is later
termed as the kinetic extinction limit. Excessive reactant leakage through flame and
reduction in flame temperature from its adiabatic flame temperature are indications of
extinction. The extinction state can therefore be identified by the use of Damkd&hler
number.

The study was followed by Law [5] who analyzed the extinction of a flame
surrounding a liquid fuel droplet and by Krishnamurthy et al. [6] who developed a similar
asymptotic theory and successfully predicted the extinction limit of a stagnation-point
flame established in a boundary layer. Later Chung and Law [7] generalized the study to
other one-dimensional or quasi-one-dimensional diffusion flames and included the effect
of Lewis number, which is defined as the ratio of the characteristic thermal diffusion rate
to mass diffusion rate. The paper presented by Chung and Law showed that the structure
equations for all one-dimensional or quasi-one-dimensional flames can be converted to
the same form as that of Lifidn by properly redefining parameters and therefore Lifian’s
results were readily applicable. Since then, extensive investigations on extinction of
diffusion flames have been conducted theoretically, numerically and experimentally as
reported in various journals [e.g. 8 — 13].

The influence of radiative heat transfer on the extinction of small diffusion flames
at zero gravity environments was first reported by Bonne [14] who observed that without
first depleting fuel and oxidant, radiative heat loss reduces flame temperature and thereby

promotes extinction, while he did not mention whether the extinction occurs at a high
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Damkéhler number or if radiation promotes the kinetic extinction. However, because of
the intrusion of buoyant force on Earth, which distorts the flame and reduces the
residence time, radiative extinction is unlikely to occur on Earth and had not received
much attention until the 1980s. In 1982, Sohrab et al. [15] analyzed a counterflow
diffusion flame with radiation by using activation energy asymptotics. The extinction
condition was obtained in terms of a Damk&hler number.  Although an analytical result
was obtained by them, existence of a radiative extinction limit at high Damk8hler
numbers was not observed because the solution was not properly rescaled. Sibulkin [16]
in his review paper discussed the effect of thermal radiation from the flame and the
burning fuel surface on flame extinction. His numerical results showed how other factors
(e.g. ambient oxygen concentration) affect extinction limits. However, the existence of
radiative extinction was not explicitly mentioned. The possibility of having a radiative
extinction limit at large Damk&hler numbers other than the conventional kinetic
extinction limit was first suggested by T’ien [17] from his numerical study of low stretch
(long residence time) stagnation point flames with radiative heat loss from the surface of
the condensed phase fuel (e.g., PMMA). His numerical results showed that there are an
upper and a lower bound of Damkdhler numbers beyond which no solution was found.
Although he concluded that steady flames exist only for Damk&hler numbers between
those limits, it was not clear whether the upper limit was found due to numerical errors.
The existence of a radiative extinction limit at large Damk®&hler numbers was first
unambiguously identified by Chao et al. [18] in 1990 from their analytical study on
extinction of droplet combustion in a quiescent ambient using activation energy

asymptotics. Their results clearly demonstrated the existence of dual extinction points,
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the kinetic extinction limit at a minimum Damk&hler number and the radiative extinction
limit at a maximum Damkdhler number. Quasi-steady burning is only possible for
Damkdhler numbers between these extremes. Since the Damkdhler number is defined to
be proportional to the droplet diameter for droplet burning, the study identifies a smallest
droplet size below which the flame extinguishes as a result of low reaction rate (kinetic
extinction), as is well known from early studies [e.g., 5], and a largest droplet size above
which the flame also extinguishes because of the excessive radiative heat loss. The range
of Damkdhler number {droplet size) within which a flame exists reduces with higher heat
loss intensity, and a flammability limit exists when the radiation intensity becomes too
strong such that the two extinction limits coincide with each other. The upper extinction
limit, which is also a result of low reaction rate where the kinetic limit is reached, while it
is induced by the existence of radiation and a reduction of flame temperature, was called
the radiative extinction limit by Chao et al.. To differentiate the two extinction limits,
they introduced the terminology “kinetic extinction limit” to describe the conventional
extinction limit at Jow Damk&hler numbers. The radiative extinction limit does not exist
without radiation. Although its existence was theoretically predicted, it is unlikely that
the radiative extinction limit can be observed experimentally in droplet combustion
because the droplet size will only decrease after ignition.

The work of Chao et al. [18] was followed by other researchers to further explore
and verify the radiative extinction limit and the flammability limit. Chan [19] studied the
effect of thermal radiation on extinction of methane-air flamelet for turbulent
nonpremixed flame using a flame code that employed detailed chemistry and detailed

transport properties. Their study successively predicted the flame behavior with good
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quantitative agreement with experiments. Chao and Law [20] extended their work by
analyzing the extinction caused by radiative loss from a hot solid fuel surface and the
radiative extinction limit was again observed. Liu et al [21] analyzed the counterflow
diffusion flames by large activation energy asymptotics and reconfirmed the existence of
two extinction limits and inflammable limits. Maruta et al. [22] examined counterflow
methane/air flames numerically and experimentally, and pointed out that the mechanism
of extinction at low stretch rates (high Damkd&hler numbers) is the energy loss caused
by radiative heat transfer. Mills and Matalon investigated the extinction of a spherical
diffusion flame stabilized by a spherical porous burner with the radiation zone in the fuel side
of and sufficiently away from the flame [23], and the radiative extinction limit was again
observed. All these studies have proven that radiative heat loss induces a second flame
extinction limit at large Damk&hler numbers.

‘As mentioned earlier, it is unlikely that the radiative extinction limit exists in the
normal-gravity flames because of the intrusion of buoyant force. It is possible, however,
that the radiative extinction limit could be observed in microgravity because the mixing
and preheating of reactants are accomplished by the single diffusive transport mechanism
and long residence times are feasible. With the availability of microgravity facilities for
experiments, including the 2.2s and 5.2s drop towers in the NASA Glenn Research
Center, parabolic flights, Space Shuttle flights and International Space Station, attempts
have been made to verify the existence of radiative extinction limit. The similarities and
differences of the structure and stability of burner-stabilized flames in zero and normal
gravity environments were studied and compared by Patnaik et al. [24]. Atreya and
Agrawal [25] based on their numerical computations showed that flame radiation
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substantially influences the extinction of diffusion flames in microgravity. The extinction
of diffusion flames in microgravity is caused by longer residence time and the
accumulation of combustion products in the flame zone which enhances gas radiation.
Soot formation, if existed, further increases the intensity of radiative heat loss. A large
number of microgravity experiments on methanol diffusion flames have been conducted
by Zhang et al. [26] in both 4.5 s drop tower in MGLAB, Japan and 2.2 s drop tower in
NASA Glenn Research Center through the combustion of liquid droplet for the simplicity
in flame configuration. Experiments on radiative extinction have also been performed in
Space Shuttle by Nayagam et al. [27] and Dietrich et al. [28] through the burning of a
liquid droplet fuel and its existence was confirmed by these experiments. Experiments on
combustion conducted in microgravity have shown that the flame characteristics in
microgravity and that in normal gravities are significantly different from each other both
qualitatively and quantitatively. Availability of research in microgravity is extremely
crucial to strengthen our understanding of flame behavior, better use our limited fuel
resources by combustion devices of improved designs, better control the combustion
processes and minimize the loss and damage from unwanted fire incidences.

Although droplet combustion has the advantage of simplicity in geometry, the
flame is inherently unsteady. Quasi-steady burning can be only achieved in ideal
conditions. Moreover, since the flame continues to shrink after ignition, while radiative
extinction only is observable by increasing the droplet size (flame size), whether the
extinction limit that was observed in Refs. [27] and [28] is really a radiative extinction
limit is questionable. An improvement ¢an be made by adopting the burner-generated

spherical diffusion flame with gaseous reactants. In this geometry, a truly steady state
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flame can be achieved, and the flame size can be enlarged by raising the flow rate until
extinction occurs so the radiative extinction limit can be clearly identified. In addition,
the flow direction and flame structure, which are characterized by the stoichiometric

mixture fraction, can be independently controlled. The stoichiometric mixture fraction is

defined as

Zy =You/(Yop+0Yryp) , (1.1)
where

o =VWp) (veWE) (1.2)

which is the stoichiometric ratio of oxidizer to fuel mass, and the subscript "5" denotes
conditions at the burner exit where reactants are supplied.

The flow direction is either from the fuel to the oxidizer by issuing the fuel into
an oxidizing ambient, or from the oxidizer to the fuel by supplying the oxidizer at the
burner and injecting it into a chamber filled with the fuel. The flame structure can be
controlled by having part or all of the inert gas (e.g., nitrogen) extracted from the air and
diverted to the fuel side. The redirection of the inert gas does not alter the adiabatic
flame temperature because the stoichiometric relation remains unchanged. The benefit of
using such flame configuration has been demonstrated in a numerical study by Tse et al.
[29], and a numerical and experimenta! study by Santa et al. [30]. In the work by Santa
et al., experiments were performed by using the 2.2 s drop facilities in the NASA Glenn
Research Center, and the transient radiative extinction limit was obtained as a function of
the flow rate, fuel type and flow direction. Related experiments were performed by Yoo et

al. [31] in normal gravity.



Motivated by the flexibility in controlling the experiments and the ability to
identify the radiative extinction limit of a spherical diffusion flame, and realizing that a
theoretical investigation which can be used to predict the extinction and flammability
limits has not been systemically performed, the primary objective of this paper is to extend
the previous theoretical works by Chao et al. [18] and Mills and Matalon [23] to study the
effects of residence time and flame structure on radiative extinction of diffusion flames
stabilized by a porous burner. The analysis closely followed that of Chao et al. [18] with the
problem definition and formulation properly modified to reflect the characteristics of burner-
supported flames, which will be presented in Chapter 2. Activation energy asymptotics was
adopted and the detailed analysis will be presented in Chapter 3. An optically thin
radiation model was employed to simplify the analysis. The results and discussion will
be reported in Chapters 4 and 5.

A primary reason for performing this investigation is to improve fire safety in
space. Fire safety is a main concern of NASA in its fulfillment of the mission of space
voyage such as Mars exploration [32]. Since external assistance is not available in
spacecraft, any small fire can lead to a serious disaster and must be prevented.
Microgravity combustion experiments performed by Freidman and Urban [33] revealed
that flames and fires have completely different behaviors in space and on Earth so that
the best methods to prevent, detect, and extinguish fires in a spacecraft are very different
from those used on Earth. Table.1 lists some major differences in flame characteristics in
space as compared to those on Earth. This means that fire protection systems used on
Earth might not perform as expected in microgravity, and investigations on combustion
in microgravity such as the present study is necessary. The results of this study and
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related studies from the same group can be also applied to a better control of combustion
processes and lead to improvements in fuel economy and reduction on pollutants
production. The more we understand about fire, the better we can control it and save

lives, property, and money.

Key Features .of Fires in Low Gravity and Microgravity

{Freldman & Urban, 2000}
Property Trend Remarks
Ignition Promotad - Thermaliy stressed components can overheat
rapidly

- Particulate spills form flammablz aerosols that

persist for long pericds of time

- Burning plastics eject hot material randomly and

violently

Fiame Appearance Altered - In quiescent environments, flames are often

symmeatrical in shape and nearly invisible

- Under low rates of imposed air flow, flames

intensify and become bright and scoty

Flammability and Flame- { Increased, in some cases | - Low-rate ventilating flows stimulate low-gravity

Spread Rate; Quizscent to match or excesd fires and greatly extend their flammability range
Conditions normal-gravity levels and flame-spread rates

- Fresly propagating flames tend to spread

toward the "wind.” or into the oxygen source

Deatection Signatures NA - Flames are often cooler and less radiant

- Avarage size and range of soot particle sizes

are greater

- Combustion product nature and quantities are

sdltered

Table 1 Life Support and Habitation Navigation
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Chapter 2

Formulation

The problem of interest in this study is a spherical diffusion flame burning at
steady state and stabilized by a spherical porous burner, similar to that of Liu et al. [34)],
Mills and Matalon [23], Santa et al. [30], Sunderland et al. [35, 36], Tse et al. [29], and
Yoo et al. [31], as shown schematically in Fig.2.1. The burner consists of a void core
region at its center where the flow is supplied and a porous region in which the flow is

regulated and made uniform at its exit.

Figure 2.1 A schematic drawing of geometric configuration of the porous burner.

A reactant stream with a specified temperature of Tp and mass fraction Y} g is

injected from the center of the burner into a quiescent environment filled with the other
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reactant at a temperature of T, and mass fraction of Y2 . The burner is assumed to be
perfectly spherical and the effect of gravity is assumed negligible such that the flow is
uniform in the radial direction, », and the flame is spherical. The flow direction can be
either from the fuel to the oxidizer by having the fuel issued from the burner and flows
into the oxidizing environment (normal flame) or from the oxidizer to the fuel by having
the oxidizer supplied from the burner and flows into the fuel environment (inverse
flame). The flame structure (stoichiometric mixture fraction) can be varied by adjusting

the amount of inert gas (nitrogen) that is supplied with the fuel or the oxidizer.
Conservation equations and boundary conditions

The combustion reaction is assumed to follow a one-step, overall and irreversible
reaction between the fuel and oxidizer, given by

MR+ R v P 2.1)
where v is the stoichiometric coefficient and the subscripts “1” and “2” denote the
reactants supplied from the burner and in the ambient, respectively. A second order
Arrhenius kinetics with the reaction rate expressed by

Bg P Y yexp(— Ex /T) 2.2)
where T is the temperature, By is the pre-exponential factor, p the gas density, Y; the
mass fraction of species /, and Eg the activation temperature (activation energy divided
by the universal gas constant) of the reaction. The activation temperature of the reaction
is assumed to be much higher ¢high activation energy reaction) compared with the flame
temperature, as is realistic for hydrocarbon/air flames. This means that the reaction rate

is very sensitive to temperature variations such that the combustion reaction is only
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significant in a thin region near which the maximum temperature is located.

The effect of radiative heat loss from the flame on flame extinction is the main
focus of this thesis. The flame size is considered to be small compared to the absorption
length of the radiation emitting gases such that the re-absorption of radiation energy by
the gases is negligible and the radiation can be considered optically thin. Adopting the

optically thin radiation model, the rate of heat loss per unit volume, ¢z, is given by

Gr =40k(T* -T2 where o=1.36x103¢cal/m?—sec-K* is the Stefan-Boltzmann
constant and & is the Planck’s mean absorption coefficient. Carbon dioxide and water
vapor are considered to be the only gas species that contribute to the radiative loss so that
K= XCO, KCO, *+ ¥H,0 kH,0 Where x is the molar fraction. Because the radiative energy
transferred to the burner and that is absorbed by it is negligibly small [35], the burner is
assumed to be transparent in radiation. Because the radiative heat loss is also sensitive to
temperature variations (proportional to 14), gr will be approximated by an Arrhenius
type of rate function, g5 = Bpexp(— Ep/T) where Bp is the equivalent pre-exponential
factor and Eg the equivalent activation temperature. The value of Eg is much higher than
the flame temperature but much smaller than Ex [18].

The flow is considered steady and isobaric. The solid and the gas are assumed to
be in thermal equilibrium inside the burner such that temperature distribution of the gas
and the solid are the same at the same radial distance from the center of the burner, that is

vary only in the radial direction r. Following the above problem description, the mass
conservation yields a constant mass flow rate, given by m =47z, pu in the core region

and the gas region outside of the burner, and m=47r2 pug in the porous region, where
13



m is the mass flow rate, u the radial flow velocity and ¢ is the porosity of the burner
defined as the fraction of the void space. The equations governing the conservation of
energy and species in different regions are

(a) Core region (0 <r<r;)

)i=he ., hHh=0 , (2.3)
dT _1.d(, 2dT
L dr{,tg# J : (24)

(b) Within the porous burner (#; <r <rp)

Y] = YI,O s Y2 =0 3 (2'5)
pucpo it 2 ot m1-oIA 9T} =0 8

{C)  Gas region external to the burner (rp <r <o)

pucy G-y g2 4L )= it B Tihexp( B /D)~ dow(T*-Th)
= v\ q Bp* Y Yoexp(- Ex /T)— Brexp(— Eg/T) > 2.7)
pudXi- rlz ;r( Dlrz%]=—vlﬂﬁ3p21’ll’2exp(—EK/T) : 2.8)
oull - o0y L) s B P T Bexpt- B IT) 29)

In the above equations A; and A; are the thermal conductivity of the pas and the solid
burner, respectively, ¢, specific heat of the gas at constant pressure, and D; the mass
diffusion coefficient of species i. Equation (2.6) is obtained by combining the energy
conservation equations for the gas and the solid burner after taking the thermal
equilibrium assumption. Penetration of the ambient reactant into the burner is considered

negligible so that the reactant concentration remains unchanged in the burner.
14



The boundary and interface conditions required to solve these equations are:

r=0: T=Ty ,
r=rj T=7; |,
iLg(dT!dr)r; =[Ag0+ /'Ls(1—qo)](‘:iTldr)J,,i+
F=Fy T=Tp |,
[Agp+ A (1~ @)OT I8r), = Ag(OT 15r),
puli—(pDy)(dYi/dr)=puty
puh—(pD)(dh/dr)=0
row: T=27T, , >0 ,

Y20 V2 m

?

]

(2.10)
(2.112)
(2.11b)
(2.122)
(2.12b)
(2.12¢)
(2.12d)

(2.13)

where r; is the inner radius of the burner and 7 is the outer radius of the burner. The

temperature at the inner and outer surfaces of the burner, 7, and T, will be determined

from the analysis. Equations (2.11b) and (2.12b) mean that the heat flux transferred to

the surface is balanced with the heat flux leaving the surface, while Eqgs. (2.12¢) and

(2.12d) ensure that the flow rate of the reactants is conserved across the burner exit.

Nondimensionalization

Equations (2.3} — (2.13) can be nondimensionalized by introducing the following

nondimensional quantities:

=l p L
@t Y, ,
~  cpEg ~ CpEp
E; =—L E =_L
K=a¥y * "R qrg

15



2
_Bx volts P epy Yig Dag = BRcerIf
Ag ’ g1l

Day

The Lewis numbers of the reactants are assumed to be unity such that pD;=4,/c,.
Applying these nondimensional quantities to Egs. (2.3 — 2.13), we obtain

(a) Core region (0 <7 <7)

=1 , %=0 , (2.14)
1 a(~~ .9_57")
— =z T -F—=|=0 . (2.15)
2" oF

(b)  Within the porous burner (7, <7 <1)

=1 , %=0 |, 2.16)

1 d{.= 3.2dT)

pﬁ(m —AF —*?')—-0 . (2.17)
(C)  Gas region external to the burner (1< 7 <0 )

Ld o5 729T) 1o i fyexp(- fig /)-D Bl (2.18)

Zar\" -7 gr )7 Dax h 2exp(- Ex /T)— Dagexp(-Ep/T) .

1d[.> 2d¥)_ pa = on

?2-?-?[ | —F W)-—DaKYI}’gexp( ExiTy (2.19)

1d{. 2dB| o o5 & 2

F—zmz( 2—F _J?—]— DaKYlIQexp( EK/T) . (2.20)
(D) Boundary and interface conditions

F=0: T=T, . (2.21)

F:F} . f’:f; , (2.22a)

(dT/dF )r"f =A(dT/dF )’? ) (2.22b)

16



F=1: T=1, | (2.23a)
AdTidF)-=(dT/dFy, (2.23b)
mY —(d/dF)="H , (2.23c)
m¥—(d¥%1d7)=0 : (2.23d)

Faw: Tl , A0 , hob, . (2.24)

Temperature distribution in the core region (0 <7 <F.)

In the core region, multiplying Eq. (2.15) by #* and integrating the resulting

equation once, yields

ﬁf-ﬁz%@q : (2.25)
The integration constant ¢ is determined by the application of Eq. (2.21) as c=#Tp.
Integrating Eq. (2.25), with the determined c, subject to Eq. (2.22a) gives

=R+ (T-T)explm@E -7 1] (2:26)
Temperature distribution within the porous burner (7, <7 <1)

Similar to the core region, the solution of temperature field in the burner region
can be obtained by integrating Eq. (2.17) twice subject to the interface conditions in Egs.

(2.223) and (2.23a) as

5 o exp[— m/(Ar)] exp[—m/(ﬂ.r,)]
AU Vi vy sy £ R 227)

Substituting Egs. (2.26) and (2.27) into Eq. (2.22b), we determine the temperature at the

inner surface of the burner, T, in terms of 7, as

17



Ti=Ty+ (- B)expl(m/A)(1-F1)] - (2.28)

The conservation equations of energy and species in the gas region outside the
burner, described by Eqs. (2.18) — (2.20) subject to the boundary and interface conditions
in Egs. (2.23) and (2.24), need to be solved by activation energy asymptotics. The

procedures of solving these equations are presented in Chapter 3.

18



Chapter 3

Asymptotic Solution in the Gas Region

In the limit of large but finite activation energy, the chemical (combustion)
reaction is very sensitive to temperature variations and only occurs in a thin reaction
region near which the maximum temperature, defined as the flame sheet temperature, is
attained. Away from this reaction region, the reaction is frozen because of the low gas

temperature. As mentioned in Chapter 2, the radiative heat loss is also sensitive to

temperature variations (~ 7%) and can be approximated by an Arrhenius function. The
heat loss is then significant only in a thin radiation region near the flame sheet similar to
the combustion reaction. Because the equivalent activation energy of the radiative heat
loss, Eg, is much lower than the activation energy of the combustion reaction, Eg, the
radiation region in which radiation is significant is much broader than the reaction region.
Based on this analysis, the whole gas region outside of the burner is divided into five sub-
regions governed by different transport processes. There is a thin reaction region
embedding the flame sheet, which is sandwiched by two broader but still thin radiation
regions. These “reaction regions” are then surrounded by two broad, inert transport
regions. The transport processes in the reaction region, radiation regions and transport
regions are characterized by the balance between diffusion and reaction, diffusion and
radiation, and diffusion and convection, respectively. Radiation is not important in the
reaction region because it is a volumetric loss mechanism. It is negligible when the
volume is narrow. Expressing the ratio of the characteristic length scale of the reaction

19



region to that of the transport region by & and the ratio of the characteristic length scale of
the radiation region to that of the transport region by &, we have £ << § << 1

( Ey >> Ep>>1). The small parameters &£ and & will be used in the asymptotic

expansions.

Outer Solutions in the Gas Region

In the outer, transport regions away from the reaction and radiation zones, the
conservation equations are governed by the balance between diffusion and convection
processes. Both the reaction and radiation are frozen because of the low temperature

such that Egs. (2.18) — (2.20) are reduced to

A af_pdl|_d[ 5 2dR)_d[.5 2db)
dF(mT F dFJ_dF[mYI g dFJ_dF[mz maF)0 G-I

Designate the variables between the burner and the flame by superscript “—” and
variables out side of the flame by “+”, respectively. The boundary conditions in Egs.

(2.23) and (2.24) are modified to:

F=l: T =T, | J(dToume/dF)-=@T1dF), (3.2a)
mi —(dR 1dF)=h ., mah-(d%h/dF)=0 ; (3.2b)
Fow : T, , o0 , B oh, . (3.3)

Solving the three equations in Eq. (3.1) for both sides of the reaction/radiation regions
subject to Egs. (3.2) and (3.3) and then expanding the solutions in terms of the small

expansion parameters & and g, we obtain the solutions

T =[Ty +e+O(A)]+ 05 + 0]+ O(F) > (3.4a)
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1o =B+ (Tpo-To)explm(1-71] (3.4b)

I =Tyexpli(1-71] , i=1,2 ; (3.4c)
T =[T + Bt + O(A) ]+ T +0(9)]+ O(F) (3.5a)
I =To+afpll-exp(-miF)] (3.5b)
T =af [l-exp(-m/F)] , i=1,2 ; (3.5¢)
Vi =[Fp+efig + O(A)]+ ¥z +0(8)]+ 0(&) (3.68)
Fip=1-ajpexp(-#/F) , (3.6b)
Yj=—ajexp(-miF) , i=1,2 ; (3.6c)
it =[fp+eRi+0(A)]+ a5+ 0]+ 0(&) (3.7a)
Vi=dal{l-exp(-@/F)] , i=0,1,2 ; (3.7b)
% =[Fg+ebhy+ O(A))+ 8%+ 0]+ 0(F) (3.8a)
Vii=ayexp(-miF) , i=0,1,2 ; (3.8b)
5 =[Bly+eBi+ O(A)]+ 0 Bh+0(8)]+0(8F) (3.9b)
Blo=ho—adp[l-exp(-miF)] (3.9b)
Bi=-ag[l-exp(-m/F)] , i=12 . (3.9¢)

In the above equations the a’s are integration constants yet to be determined. Expanding

the solutions and the temperature at the burner exit, f}, , in terms of &and €, are necessary

because they are affected by both of the two singularities, The equations are not

completely solved because there is only one boundary condition on each side of the
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reaction regions.

Radiation active regions
In the O(8) radiation regions, radiative heat loss is activated, which reduces the
flame temperature. Combustion reaction still is negligible because of the low

temperature such that the outer solutions of f’ii and fzi are applicable. The energy

conservation equation in these regions is then

1 d{.n 2dT
(T‘Tﬁ-"

ZdF mT-F J:—DaRexp(— EpiTy . (3.10)
To describe the flame behavior in these regions, a stretched coordinate, §'=(7—7Fr)/d
where the small expansion parameter & is defined as & = f} /E R i8 defined. Moreover,

because only an O(J) temperature variation from the flame temperature, Tf ,is allowed,
the temperature profile is expanded as

T* =[T, - €0} + O(6%)] - ]Of + £0F + 0N+ 0@ . (3.11)
Applying the temperature expansion to the Arrhenius term in Eq. (3.10), we have

exp(— B,/ T) = exp(— Ep / T, Jexp(- O {1 - (¢/ 5XO; + O(e))

—£(@F + (20705 /T, ) +-]+0©0) . (3.12)

Substituting Egs. (3.11) and (3.12) into Eq. (3.10), expanding the resulting repression in
terms of J and & and then collecting those terms of the same order of magnitude, we

obtain, for the three leading order terms,
d? O 1de? =—Agexp(-6F) (3.13)
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d2@§/d§'2=AR Gzexp(-OF) (3.14)

d?'@f,‘t_ﬁr—ZFfd@i
ag>  F d¢

= Ag (6% + (26 65 /Ty )lexp(-6F) (3.15)

where Ag =8Dagexp(—Eg/ f'f) is the equivalent reduced Damkdhler number for

radiative heat loss.
The required boundary conditions to solve Egs. (3.13) — (3.15) can be obtained

from matching the solutions of temperature in the outer regions with the solutions in the

radiation regions as¥ —> 7, . Matching can be performed by first substituting the stretched
variable, 7 = ¢ + 8¢, into Eqs. (3.4) and (3.5), expanding the resulting equation in terms

of & and g and collecting the terms of the same orders. Equating the resulting

expressions with the solution in the radiation region in the limit of ¢ — e, Through the

matching process, we first determine the solution of two constants, Tb.o and a},o, in

terms of ff as

Too=To +{(Ty - To)lexplm(1-7 O}, (3.16)
af0=(Tp - L) 1-exp(-mlF)] (3.17)

in which the leading order flame temperature T still needs to be determined. In addition,

the following matching conditions are obtained:

O ({»>—0)=—g &3¢ (3.18a)
@3 ({ »>—w)=-Tyyexplm(1-7)] (3.18b)
(65 /dE)s o =—Toy (17 )expl(1-F1)] (3.18c)
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Of ({ >o)=—gi+g¢ > (3.192)

O3(¢ »>o)=—aj [1-exp(-m/Fs)] (3.19b)

(83 1d8); ye0=af 1 (17 Yexp(-FilFr) (3.19)
where

go =(Tr-Tp)(mi7?y (3.20a)

g =Tpexplm(1-7 ] (3.20b)

g = (Ty - T ) (/7% ) lexp(~ m1Fp)-1] (3.21a)

gl =af y[1-exp(-AfFp)] . (3.21b)

The parameters g and gy are defined such that they are positive constants.

The solutions of temperature can be determined by solving Egs. (3.13) — (3.15)

subject to the matching conditions in Eqgs (3.18) — (3.21). Equation (3.13) can be solved
by first multiplying the equation by d@¥, and rearranging to obtain

d(deE1deY? =2 Agdexp(-6F)] > (3.222)
and then integrating it once subject to Egs. (3.18a) and (3.18b) to

(d@F 1dL)? =2 Agexp(- OF) +(g5)? - (3.22b)

Integrating Eq. (3.22b) one more time subject to Eqs. (3.18a) and (3.19a) then yields
OF =tn{1-[Ap K2(gg ) lexp(EF @ OV £ g o-gF (3.23)
which can be differentiated to

46t _, 1+ {Ap/12(g5)’ Bexp(af #£5¢)
¢ 1-{Ag/12(g5)* 1exp(gl F5¢)

Next, Eq. (3.14) is integrated subject to Egs. (3.18b) and (3.19b) by a similar approach,
24
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but the procedure is more involved, giving the solution

©; =Ty /g5 Yexpl (177 ))(dO 1dS) (3.25)

@3 =—(af /80 [1-exp(-m/F)(dE 1dS) . (3.26)
Equation (3.15) is the most perplexing one among the three equations and the analysis is
the most complicated. After a lengthy mathematical exercise and with the application of

Egs. (3.18¢), (3.19¢) and (3.23) — (3.26), we obtain

- it exp(—
@;=+{§g;gg_$(%]&ﬁ2+x/w m(gﬁé)i-*)ﬂg&)z

< “I:z(gét)z Y2 Agexp(-Gh) + (g5 - 35] >}
AR \J2 Apexp(-O})+ (g5 + &5

igt--\fQARexp(— OF)+(gf) -

KE [2(g*)2 |2 Agexp(-OF)+ (g ~ 85]) (@It)z}

AR A2 Apexp(- OF)+ (g P + gf

st 7 ol

_’i(’;&{ﬂ@mexp(—@ha-(gaﬁ)mf

-git(a; 7;*} \/2/136@(;6&)4—(36)2

r

255 O\ 2 Agexp(- G+ (&Y (3.27)

where
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83 =[2/3Tp) 1Ty lgp)explm(1-771] (3.282)

g3 =—[2/(377)at1 /881 ~exp(- miFr)] (3.28b)
h =[(R =27 ) F2 )T /g5 dexplm(1-771)] (3.28¢)
W =(i- 2} /7 Yt/ ggM—-exp(-1Fp)] (3.284)

As will be shown later, (d @F/d¢) is only needed in this work. Differentiating Eq. (3.27)

with respect to £ results in
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¢ (g

@{%ﬁ_ : (%?]J{g&xﬁ@exp(—@ﬁﬂg&)z

o 2(g)? 2 Agexp(-GF)+ (g5 ) - Z&J }
+Agexp( @'t)< [ Ag JZAﬁexp( &F)+ (g5 + 8§ >

¥ 2(g§)? V2 Arexp(— OF) +(2)* - gf "
“%ARGXP(_@BK { /Ty wena @ﬁ:(g)%gc‘fb (@rf’

Ry we—ar-o v fn[“ﬁi)z ﬁﬁﬁ:ﬁﬁzg;ﬁf&;;ﬂ

-s$12 Agexp(- O)+ (7Y OF + 2268 (a8 ?

1¢(rf)+h1'-* git (dTi -
[ g (g&)zkdr] 5@FJAR p-6f) . (329)

Subtracting the expression of (d@3/d¢{) at £ = 0 from that of (d@3/d¢{), and

recognizing that the result should hold true in the non-radiative limit, we find

(dOF1d8) 0 —(d63 1dE) g
= (a7 /80) (I Yexp(~miF)(g5) +24g ]2

+(Ty1 /80 mlF P yexplm(1-F ) (g)? +24172 . (3.30)

Inner expansion

In the O(¢&) inner reaction zone, only an O(g) variation of variables and an O(g)

leakage of reactants are allowed. As a result, the temperature is within an O(¢)
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reduction from the maximum temperature f'f and the reactant mass fractions are O(¢)
quantities. Similar to the analysis in the radiation region, the stretched spatial coordinate
in this region is defined as £ =(#- Ff)fs where £ = ‘ffz / E’K , and the temperature, fuel

and oxidizer mass fraction distributions are expanded as

T=(T;-e6,—£ 6, + O(6)1+ O(8) + O(el8) (3.31)
B =[sgyy + S+ O(E)]+0(8) + 0(sl8) (3.32)
T =ley) +E822 +O()1+0(8)+ O(el8) . (3.33)

As in Eq. (3.12), the controlling Arrhenius term in the reaction region is expanded as
exp(— Ex /T)=exp(- Ex /Tf)exp(~6)+... . (3.34)
Substituting the stretched coordinate, & as well as Egs. (3.31) and (3.34) into Eq. (2.18),
expanding and collecting the leading orders of & we obtain a structure equation in this
region,
P 01dE = Ag by bryexp(-8) (3.35)
where Ag =£ Dagexp(—Ey/ f}-) is the reduced Damkéhler number for the

combustion reaction. As mentioned before, the radiation term is a higher order term in
this region and the effect of radiative heat loss is secondary because the volume of the
reaction region is much smaller than that of the radiation regions.

Next, subtracting Eq. (2.20) from Eq. (2.19) to eliminate the reaction term, then

substituting Egs. (3.32), (3.33) and £ into the resulting equation, expanding in orders of £
and &, and keeping terms of the two leading orders in &, or O(¢) and O(£?) we have the

specie-specie coupling functions
28



hy-¢=c1é+cy (3.36)

d(¢2 —¢z,2)+id(¢1,1 -¢21)
az 7, dE

g- fhz (h1—dri)=c3 (3.37)
Tf

where the ¢’s are integration constants that need to be determined. Equation (3.36) is the
result after the original differential equation is integrated twice and Eq. (3.37) is the result
after the original equation is integrated once.

Finally, subtracting Eq. (2.19) from Eq. (2.18) and doing the expansion similar to

the procedure used in obtaining Eqgs. (3.36) and (3.37), we have the temperature-specie

coupling functions,
Bl ~¢1,1 =C4 6"1"‘35 s (3.38)
d&~-p) 2dG-h1), & ., . . _
i 7 de ¢ Ffz(gl h1)=ce - (3.39)

As the analysis performed in the radiation regions, the boundary conditions

required to solve Egs. (3.35) — (3.39) are derived from matching the inner solutions when
& — oo with the outer solutions of ¥ and ¥; as 7 — 7, and the solutions of 7 in the
radiation regions as £ —> 0. For the species equations, matching is performed by
substituting the stretched coordinate, F=Fr + &£, into Egs. (3.6) — (3.9), expanding and
rearranging in orders of ¢ and &, and equating the resulting expressions with Eqgs. (3.32)

and (3.33) to yield the solutions of some integration constants

ajg=exp(miFs) aigp=a1p=al,=0 , (3.40)
aio = f’z,w/[l-exp(—-ﬁzlff)] , a2 =a§’2 = a;,Z =0 |, (3.41)
and the matching conditions
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11 (£ > —)=—ap)exp(-mlF)—(mIF)E (342)
1 (& > ®)=af [1-exp(-m/7r)] (3.43)
[(ddh2/dE)+ 217 ) (d 1 1dE)E~(RIFA) P les-w=0 (3.44)

[(di2/dEV+ (217 ) (A1 1dEVE~(IF2) b1 Ls s =—ala (RIFP)
(3.45)

$21(5 >—o)=ayexp(-m/Fr) (3.46)

b2 (£ > o) =—a}; [1-exp(— /7)1 + { Py (IF(? ) [exp(imIFe) -11}E
(3.47)

[(dyz/dE)+ (217 )(d by 1dE)E- (172 ) boy Je s =0 (3.48)

[(dy2/dE)+ (217 WAy 1AEYE~(1IF Vo Vo o = G (IF(P)
(3.49)

For the energy equation, the solutions in the inner region and those of the
radiation regions are matched in their common regions. Realizing that
F=r; 3 +6{ =7, +&&, matching is performed by expressing Eq. (3.11) in terms of
¢ =(&/8)¢, expanding and rearranging in orders of £ and &, and equating the resulting
expressions with Egs. (3.31). The results of matching, including the solutions of some

constants and the matching conditions, are listed in the following:
gf =—2e{[(1+[24 (&g’ ' 2 +1172) (3.50)
Typ =—2n{[{1+[2A4g ((g5)* D" + 112} explin(F, -D)] | 3.51)
af 5 =-2n{[(1+[24x (g8 > D2 + 1112} [1-exp(-/Ff)] . (3.52)
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8)(& - —w)=—{(T1/g0)explm(1-F )1+ E}(g9) +24z 1%, (3.53)
6, (& > o) =—{(af /g8 )[1~exp(- m/F;) - E}(gS)? +24x 12, (3.54)

(d63/dE)g s 100 =(dO51dE)p g +(d* OF 1dLP )0l (3.55)
Inner solutions

The inner equations are solved by first substituting Egs. (3.44) and (3.48) into
Eq. (3.37) to find ¢3=0, then substituting Eqs. (3.45) and (3.49) into the resulting
equation and yields
afj+a31=0 or a3 =-af) . (3.56)
It is followed by substituting Eqgs. (3.42) and (3.46) into Eq. (3.36). to determine ¢; and

3, then substituting Eqs. (3.43) and (3.47) into the resulting equation, which gives

Fr=mlm(1+he) (3.57)
a1+azy =0 or a=-a; , (3.58)
b1 =11 +(RIFDE . (3.59)

Equation (3.57) determines the flame standoff distance (flame location) for a specified
mass flow rate from the burner and the concentration of the ambient reactant. Equation
(3.56) has been applied in the derivation of Egs. (3.58) and (3.59).

Next, substituting Egs. (3.44) and Eq. (3.55) as £ > - into Eg.(3.39). to
determine cg, then substituting Egs. (3.45) and (3.55) as £-—»> o into the resulting
equation, we have

afy =—(af 1 /1g0) [(g§)* +2 45172 . (3.60)
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Equation (3.30) has been applied in the derivation of Eq. (3.60). Finally, substituting
Egs. (3.42) and (3.53) into Eq. (3.38). to determine ¢4 and cs, then substituting Egs.

(3.43) and (3.54) into the resulting equation, we obtain

(g0 P +2Ag]"2 + (g8 P+ 2451 2 =i, (3.61)
aiy =(Ty1 /g0)exp()(gg) +2 4 112, (3.62)
h1=6-1(gg+24p)2¢ . (3.63)

Equation (3.61) determines the leading order flame temperature in the presence of
radiation, which is the flame temperature when the reaction rate is infinitely fast. In the
adiabatic limit, A, =0, Eq. (3.61) is reduced to the adiabatic flame temperature, given
by

Toa=1+ B~ (1+B-To) 1+ To) - (3.61a)
Equations (3.57) and (3.60) have been applied in the derivation of Eq. (3.62) and (3.63).

Substitution of Eqgs. (3.61) and (3.63) into Eq. (3.59) changes the dependence of ¢ 1 on
6 as

#1=6+[(g5+24p] ¢ . (3.64)

The problem is now considered solved and the result is summarized in the
following. For the leading order terms, the flame location and leading order flame
temperature are determined by Egs. (3.57) and (3.61). The solution also includes a

second order, nonlinear ordinary differential equation
6 1dE® = Ag ¢ b2 exp(- ) (335)
where ¢1.1 and ¢p 1 are given by
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d=0-1(gdP+24p1"2¢ (3.63)

ba=G+[(goY +24p172¢ (3.64)
which needs to be solved numerically subjecting to the matching conditions in Egs. (3.53)

and (3.54), with Eq. (3.57) applied,

8,(£ > ) =—{(Ty1/g5)[e™ 1+ Foo) I+ EY (2o P+ 24512, (3.65)
(& > o) =~{(aF1/80 B/ 1+ Bo)1-EH(gE P +2 451172 . (3.66)

The numerical solution determines the constants f},,l and af), and the extinction state.

The solutions of 1-},,] and 4f; in turn provide the reduction of flame temperature because
of the finite rate radiative heat loss and kinetics,

S (Fr)+ &l (Fp)+... = Bafall—exp(~ i)+ safy [1-exp(—miFp)]+...
(3.67)
where a5 is expressed in Eq. (3.52), and the leakage of the burner reactant across the
flame, is represented by
R =RiFr)=ati[l-exp(-mlFr)] . (3.68)
With the application of Eqgs. (3.57) and (3.60), Eq. (3.68) can be re-arranged to

R =—(af1/g8) (g8 +2 4] *B/(1+ Bw) (3.69)
Conversion of the Structure equation to Lifidn’s form

To simplify the numerical work, the equation system (3.35), (3.63) ~ (3.66) is
converted to that of Lifidn in his diffusion flame regime [4]. The conversion is performed

by introducing a new independent variable £, a new independent variabie @ and a
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parameter yas

E=a Pl e, (3.70)

0=a(G+{[(g0?+2MR1 2~ [(gh ¥ + 2481 23212y (3.71)

y=(2F L I)(gg P +2Ar1 21, (3.72)
where

a=Ax 2F s imyP (3.73)

Applying Egs. (3.70) and (3.71) to Egs. (3.63) and (3.64), ¢1,1 and ¢  are reduced to

i=a"13@-8) , p=aB+E) . (3.74)

Substituting Egs. (3.70) — (3.74) into Egs. (3.35), (3.65) and (3.66) then yields

d20/dE2 =(G-F)(0+&)exp[-a~(6+7E)] (3.75)
6(E 5> —0)=—a'P(Ty1/g0)e™ 1+ Bo)l(gg P +2 A4r]2-E (3.76)
G(E »>w)=—a'3(af /g5 B+ oo)][(g5 P +2 AT 2+E . (3.77)

The equation (3.75) will be solved by a fourth order Runge-Kutta method.

Rescaling

The reference quantities used to nondimensionalize the variables and parameters
in Chapter 2 are different for different flames, so the same numerical value for each
solution describes different actual results among these flames. Comparisons among the
four flames using the parameters introduced in Chapter 2 might be ambiguous and
misleading. To avoid controversies in the discussion of results, the parameters are
rescaled by means of absolute parameters that are independent of the flow conditions.
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The rescaling is performed by first defining the heat of combustion per unit mass of the

fuel, gy, as the reference heat of combustion such that T =c o1 /qF, }70,,,, as the reference

mass fraction and the adiabatic flame temperature, Z,z=1+To-(1+ Tf;—ﬁ,)(nfo@)‘l,

as the reference temperature. Designating properties nondimensionalized by these

reference quantities by superscript “—”, we can define the other parameters as

~  BgvoWollcyry =  Breprit = _ vel;
Day = P2 | Dag=—-~£b | ¥=Y, , h=-LEp ,
aK Ag R qFAg 1=10 2 Volth 2
= E = CpkE —
) B ~TF2/E =72 /F.
EK_ ar ’ ER_ gF » 6—T;d/ER ' 6'—Tad/ K R
Ag = o2 Dagexp(-Ex /T,g) + Ag= & Dagexp(—Ep/Toq)

With these rescaled parameters, the parameters required to present the results can be

rescaled to

Ax = A (Tr 1Ty (ap P lvawa vowo) 1K 2expl By (T - T h]

(3.78)
Ap=Ap(Ty I TpaPlar K KoY PexplEr(Toa ' - T4 ' (3.79)
j-;I,J!.=[‘H""(QIYI,O)](T_}'/]—,ad')zyml,f, ) (3.80)
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Chapter 4

Results and Discussions

To exhibit the salient feature of this study, numerical calculations were performed
using the following thermal physical data:

Ih=T,=298K , gr=47160J/g , ¢,=1.3232J/(gK) ,

Ag=0.0012043 W/(cm-K) , Ex=24000K , Ep=8000K ,

=1, vo=3 , Wrp=28g/mole , Wp=32g/mole .

These data closely represent the burning of ethylene in air. The burner size is taken to be
rp =0.3175 cm, the size of the burner used in the experiments performed by the group at
the NASA Glenn Research Center. A FORTRAN program was developed to solve Eq.
{3.75) subject to the boundary conditions in Egs. (3.76) and (3.77).

As mentioned in Chapter 1, both the flow direction and flame structure can be
independently controlled for the spherical bumer stabilized flame. Using the ethylene/air
flame as the model flame, four limiting cases similar to those of Liu et al. [34] and
Sunderland et al. [35] were studied. These flames are (A) fuel (ethylene) issuing into air,
(B) diluted fuel issuing into oxygen, (C) air issuing into fuel and (D) oxygen issuing into
diluted fuel. Flame A is a common flame that we are familiar with and Flame B is
obtained by extracting all the inert from the air and diverting it to the fuel. Flame C is an
inversion of flame A by issuing air from the burner into an ambient filled with the fuel,
and Flame D is the inversion of Flame B. All these flames have the same stoichiometric

ratio and, hence, the same adiabatic flame temperature.
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1. Temperature Distribution

Discussions on the effects of radiative heat loss begin with its effect on the

leading order flame temperature 7y which can be calculated from Eq. (3.61) with 7,

given by Eq. (3.57) for specified values of the mass flow rate m and radiation intensity

Ag. And the results for the four flames are shown in Figs. 1 - 4. These figures show that

fuel flow rate (mg/s)
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Figure 4.1 Variation of the leading order flame temperature versus the mass

flowrate and radiation intensity for Flame A.
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for a given value of m, the flame temperature decreases with increasing Ag, as should be
because a higher heat loss intensity leads to a higher heat loss rate. The flame
temperature also decreases by increasing the mass flow rate while keeping Ap fixed.
This is a result of the increased flame size. As is known, radiative heat loss is a
volumetric loss mechanism. The rate of heat loss increases when the volume of the heat

loss region increases. Equation (3.57) shows that the flame radius varies linearly with
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Figure 4.2 Variation of the leading order flame temperature versus the mass

flowrate and radiation intensity for Flame B.
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the mass flow rate. Since the volume of the radiation roughly depends on the area of the
flame sheet (4= r/2) and the thickness of the radiation region, which is practically
independent of the flow rate, the heat loss rate thus varies with m squared. Therefore, by
increasing mass ﬂﬁw rate, the heat generation rate increases with m linearly while the

heat loss rate increases with m2, and the flame temperature decreases. These behaviors

are qualitatively similar for all four flames.
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Figure 4.3 Variation of the leading order flame temperature versus the mass

flowrate and radiation intensity for Flame C.

39



Comparison on the results of the four flames shows that the effect of radiation is
stronger on Flames A and D than that on Flames B and C. Because the inert is flowing
with the burner reactant for Flames B and C, the mass fraction of the burner reactant is
low. As a result, the flame is smaller (comparing to Flames A and D) and the volume of
the radiation region is smaller. Consequently, the rate of heat loss is lower and its effect

is weaker.

fuel flow £ate (mg/s)

Flame D

m (mg/s)

Figure 4.4 Variation of the leading order flame temperature versus the mass

flowrate and radiation intensity for Flame D.
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2. Kinetic Extinction Limit

Flame extinction is not observable in the leading order flame temperature
presented in Figs. 4.1 — 4.4 because the temperature is obtained by assuming the reaction
rate to be infinitely fast. When the reaction rate, represented by the reduced Damkdohler
number Ag, is finite, flame extinction occurs when the reaction rate becomes too slow.
The extinction phenomenon can be exhibited by solving Eq. (3.75) numerically subject to
Egs. (3.76) and (3.77). The results are presented by plotting the parameter representing

the leakage of the burner reactant, ¥ ;, versus Ay, for a fixed mass flowrate and selected

values of Ap. Figures 4.5 — 4.8 show the results for Flames A — D using the same fuel
consumption rate of i = 2 mg/s, which yields different mass flowrates of 2, 24.57, 29.43
and 6.86 mg/s, respectively for the four flames. The adiabatic limit, given by the curve
by setting AR =0, is also plotted for comparison. These figures show that for a specified
radiation intensity Ag, there are two solutions for a given value of Ax when it is higher
than a minimum value and there is no solution when it is below this critical value. The
minimum value of Ag below which the solution fails to exist is identified as the
extinction state. The lower branch that shows a decrease of ¥{; with increasing Ay,
meaning that the reactant leakage is reduced when the reaction is stronger, is physically
realistic.. For each of the flames, the extinction Damkdhler number is higher for a larger
Ag, showing that extinction occurs easier with stronger radiation intensity, as it should
be. This extinction limit, which is induced by low reaction rate and exists even without
radiative heat loss, is the well-known kinetic extinction limit.

Comparison among different flames reveals that for a same value of Ag, the
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leakage of burner reactant is much larger for Flames A and D than that for Flames B and
C, because of their higher initial concentration. Figures 4.5 — 4.8 also show that in the
adiabatic limit or at low radiation intensities, the flame is stronger (more difficuit to
extinguish) when the mass flow rate is smaller. That is, Flame A is the most difficult to
extinguish, followed by Flames D and B, while Flame C is the easiest to extinguish.
When the radiation intensity is low, its effect on flame behavior is weaker and the
burning intensity is primarily controlled by the residence time if the kinetic data are kept

the same.
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Figure 4.5. Effects of radiative heat loss on reactant leakage and flame exfinction
for Flame A with the fuel consumption rate kept at 2 mg/s.
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A lower mass flow rate yields a longer residence time for the burner reactant to pass
through the reaction region and the reaction to occur. In addition to the low mass
flowrate, a larger flame size for Flames A and D further increases their residence times.
Because the range of Ag spread to a wide range in response to the variation of Ag, it is
not clear whether the same conclusion is true when the radiation is strong.

To exhibit the extinction characteristics at strong radiation intensities, results
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Figure 4.6. Effects of radiative heat loss on reactant leakage and flame extinction

for Flame B with the fuel consumption rate kept at 2 mg/s.
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of two radiation intensities, Ap = 10~ and 1075, for Flames A and B are plotted in
Fig. 9. It is shown that when Ag = 1075, the extinction is controlled by the residence

time as shown in Figs. 4.1 — 4.4. However, when Ag = 1075, the qualitative behavior is
reversed. That is, the flame with higher mass flowrate (Flame B) becomes more difficult
to extinguish. This shows that when the radiation intensity is sufficiently strong, the

effect of radiation becomes significant and is comparable to or even dominate over that
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Figure 4.7. Effects of radiative heat loss on reactant leakage and flame extinction
for Flame C with the fuel consumption rate kept at 2 mg/s.
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of residence time. Because the flame size of Flame A is much larger than that of Flame
B, the volume of the radiation region is much broader such that the heat loss rate is
greater. A stronger heat loss yields a larger reduction in flame temperature, which makes
the flame weaker and easier to extinguish. Similar results are observed when other
flames are compared. Therefore, when a flame suffers stronger radiative heat loss, the

extinction state is characterized by both the residence time and the energy loss.
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Figure 4.8 Effects of radiative heat loss on reactant leakage and flame extinction
for Flame D with the fuel consumption rate kelit at 2 mg/s.
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Figure 4.9 Comparison of the extinction state between Flames A and B with low

and high radiation intensities.

3. Kinetic and Radiative Extinction Limits

The discussion is continued with varying the mass flow rate while keeping the
radiation intensity fixed. In Figs. 4.10 — 4.13, the leakage of the burner reactant, ?LL’ is
plotted versus the mass flowrate for some values of Ag for a selected value of Az. The
value of Ap is chosen such that the results can be presented most clearly and is different

for different flames. These figures show that for each selected value of Ay, there exists a
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minimum value of m below which there is no solution, as in Figs. 4.5 — 4.8, and this
critical m represents the kinetic extinction state. For values of m greater than the kinetic
extinction limit, there are two solutions corresponding to each i, between them the lower
branch is the physically realistic solution. Contrary to Figs. 4.5 — 4.8 that the reactant
leakage continues to reduce with increasing Ay, the reactant leakage first decreases and

then increases by increasing m from a smaller value. Moreover, there exists a maximum
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Figure 4.10 Variation of reactant leakage as a function of mass flow rate for selected

values of A;. The value of Ay is 10~ for Flame A.
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value of m above which there is no solution either. This maximum value of m defines
another extinction state, which does not exist without radiation and is the radiative
extinction limit [18]. This extinction is a result of excessive heat loss caused by the
increase of the flame size. Steady burning is possible only when the mass flowrate is
between the two extinction limits.

As mentioned in Section 1 of this Chapter, the heat generation rate scales linearly

fuel flow rate (mg/s)
0.9 1 1.1

0.6 0.7 0.8 1.2 1.3

l||||Illl{llll|—l*lIllllll

Flame B
0.3

0.1

8 — 10 12
m (mg/s)

Figure 4.11 Variation of reactant leakage as a function of mass flow rate for selected
values of /%, The value of # is 10-4 for Flames B.
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with the mass flow rate m while the radiative heat loss rate scales with m2. By increasing
m, the heat loss rate increases faster than the heat generation rate so the total energy is
decreased and the flame temperature is reduced. When the mass flow rate is low, the
flame is small, the effect of radiation is weak and the flame behavior is controlled by the
residence time. Since the residence time scales with m, the reaction is favored by

increasing m such that the reactant leakage, represented by 171,1.: is reduced. Through

fuel !]’Iosw rate (mg/s)

0.004

0.003

L

0.002

0.001

m {mg/s)

Figure 4.12 Variation of reactant leakage as a function of mass flow rate for selected

values of 4;. The value of 4; is 104 for Flames C.
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increasing m, the flame size continues to grow and the effect of radiation becomes
important. At large values of m, the negative impact of radiation dominates over the
positive effect of the residence time such that the flame becomes weaker for a higher m
and the reactant leakage staris to increase again. Radiative extinction limit is reached
when the heat loss becomes excessive, the reaction rate becomes too slow and the flame
fails to sustain itself.

Figures 4.10 - 4.13 also show that the range of m within which a steady flame
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Figure 4.13 Variation of reactant leakage as a function of mass flow rate for selected

values of 7Ay. The value of 7 is 105 for Fiames D.
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exists become natrower with decreasing Ay because of the reduced reaction rate. As a
consequence, there exists a minimum Az below which steady burning is absolutely
impossible. This minimum Ag represents the flammability limit for the specified Ag.
Similar results were obtained by selecting a fixed value for Ag and some values of Ag.
For this case, the region in which steady burning exists decreases with increasing Ag,

and there exists a maximum Ag above which steady burning is absolutely impossible for

that specific value of Ag.
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Figure 4.14 Variation of extinction Damkd&hler number versus the

mass flow rate for specified values of A for Flame A.
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4. Flammable Range and Flammability Limit

To further explore the results presented in Section 3, the extinction states, KK Es
observed in Section 3 are plotted versus the mass flow rate and radiation intensity for the
four flames in Figs. 4.14 — 4.17. Results for the adiabatic flame ( Ag = 0) are also plotted

for comparison. In these figures, the minimum value of m for all the curves is the flow

rate at which the flame is located at the burner exit. If the mass flow rates fall smaller
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Figure 4.15 Variation of extinction Damkéhler number versus the

mass flow rate for specified values of /A for Flame B,
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than this minimum value, the flame would recede and locate within the burner. It would
be physically unrealistic, because flame cannot be established inside the burner. For each
of the cases presented, the region above each curve represents the region in which steady
burning is possible, so the curve represents the boundary between the flammable and
non-flammable conditions. The right branch of each curve is the radiative extinction

limit and the left branch is the kinetic extinction limit. As it is known, for the adiabatic
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Figure 4.16 Variation of extinction Damké&hler number versus the

mass flow rate for specified values of Ay for Flame C.
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flame, Ay £ decreases monotonically with increasing mass flowrate, so the kinetic
extinction limit only exists. Consistent with earlier discussions, the flammable region
decreases with stronger radiation (greater Ag). As in Figs. 5 — 8, Figs. 14 — 17 show that
the flame with longer residence time is more difficult to extinguish when the radiation is
weak and that the larger flame is more easily to extinguish when the radiation is strong.

The minimum value of Ag g corresponding to each Ag represents the value below

which steady burning is absolutely impossible and is defined as the flammability limit.
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Figure 4.17 Variation of extinction Damk&hler number versus the

mass flow rate for specified values of Ay for Flame D.
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Chapter 5

Concluding Remarks

In this study, the kinetic and radiative extinction limits as well as the flammability
limit of a spherical diffusion flame stabilized by a spherical porous burner with radiative
heat loss in microgravity were analyzed by activation energy asymptotics. An optically
thin radiation model was adopted to describe the radiative heat loss rate. Four different
flames having the same adiabatic flame temperature but different residence time, flame
size, flame structure and convection direction were investigated and the results were
compared. The convection direction was allowed to be varied either from the fuel to the
oxidizer side by issuing a fuel flow from the burner into a quiescent oxidizing mixture or
from the oxidizer to the fuel side by supplying an oxidizer flow from the burner into a
fuel ambient. The flame structure can be independently controlled by supplying the inert
gas (e.g. nitrogen) with either oxygen or fuel.

The major findings of the present study include:

1. From varying the radiation intensity while keeping the mass flow rate unchanged,
only the kinetic extinction limit at a minimum Damké&hler number exists. The
extinction Damk&hler number increases with increasing radiation intensity
because of greater heat loss. When the heat loss is weak, the extinction
characteristics are primarily controlled by the residence time and the flame with
longer residence time for reaction is stronger. For flames under strong radiation

intensity, the flame size, which determines the total heat loss rate, becomes
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dominant and the larger flames are easier to extinguish.

2. By varying the mass flowrate (flame size) while keeping the reaction
intensities unchanged, the flame temperature is reduced by increasing either the radiation
intensity or the mass flowrate. For a given reaction and radiation intensity, there exist
two extinction limits, a kinetic extinction limit at low flow rates and a radiative extinction
limit at high flow rates. Steady burning is only possible when the flow rate falls between
these two limits. For a specified reaction intensity (Damkdhler number), the region in
which steady burning is possible reduces with increasing radiation intensity.
Consequently, there exists a maximum radiation intensity above which steady burning is
not possible. The radiation intensity that yields the flammability limit is higher for a

larger Damk&hler number.
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