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Abstract

The influence of a fuel-side heat loss zone on a diffusion flame established between fuel and oxidizer reservoirs is
investigated using a model heat loss profile. The radiative heat loss suffered by a flame due to particulate soot served as
the background motivation for this study. For each chosen flame, the intensity, width and location of the heat loss
profile were parametrically varied to assess the sensitivity of the flame to heat losses. The influence of such variations
on the heat release, the heat flux to the reservoir walls, the radiative fraction and the drop in flame temperature was
studied. Emphasis was placed on the phenomenon of flame extinction due to increased heat losses. Extinction plots were
generated for a range of fuel and oxidizer reservoir mass fraction values. The influence of the losses is characterized best
by the integrated value of the heat loss profile. In all situations studied, the temperature and reactivity peaks moved
toward the fuel side with increased heat losses. () 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature
a, Planck mean absorption coefficient

A pre-exponential factor

b reduced Damkohler number

b* reduced Damkdohler number with zero heat losses
¢, specific heat

D, D diffusion coefficients for oxidizer, fuel

D Damkéhler number; D = 7, .¢/10.

D modified Damkohler number defined as the quantity
in square brackets in equation (6)

Dy Damkohler number at extinction

D* Damkdéhler number without heat losses

E activation energy for the chemical reaction

£, soot volume fraction

h rescaled enthalpy defect, h = B|H(Z)|

H enthalpy defect, H = 14 1o+ yp— |

L distance between fuel and oxidizer walls

Ny radiation number, Ny = ¢y o/ [2o( Te— T,)/L]
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Ny modified radiation number,
Ng = (NRAZR)ZF(] - 0‘/“2)[))(‘( Yo0)
gx nondimensional radiant energy flux, g = gr/gr et
gra.a Integral of the heat loss term,
rag = j(])(NR)SeChZB(Z"ZR)dZ
G integrated heat release, ¢, = {4 (1 + ¢)DrdZ
Q) heat release per unit mass of fuel
0, nondimensional heat release,
Or = Ok Yee/[CUAT = T)] = 1+ ¢
QOwocona  heat flux by conduction to the oxidizer wall
Owora heat flux by radiation to either wall,
Oworas = 0.5{((dgr/dx)dx
r nondimensional reaction term,
r= roveexp[— (1 —1)/[1 —a(l —1)]]
R universal gas constant
5,5, mass coordinate, s = fjpdx.s, =
§ nondimensional mass coordinate, § =
I characteristic diffusion time, /., = L*/a,
lehem  fehem = 1/[AYg0eXp(—E/RT})]
[ 7=ty
T temperature
T, adiabatic flame temperature,
Ti =T+ Q: Y/ [Col1 + )]
U(Z) heaviside step function
w  reaction term, w = pA Y, Yeexp(—E/RT)
X spatial coordinate
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X nondimensional spatial coordinate, ¥ = x/L

ve, Yo rtescaled fuel, oxidizer mass fractions,
¥e = Y§/Yer, Yo = Yo/ Yoo

Y, Yo fuel, oxidizer mass fractions

Z physical coordinate, Z = 1 —§; also the mixture frac-

tion

Z; Burke-Schumann or IRR flame
Zi=1/(1+¢)

Zpsr Zn-, Zy Z-values at right, left, middle of radi-

ation-loss zone. Zy _ is closest to the flame sheet, Zg ., is

furthest from the flame sheet.

location,

Greek symbols

o a=1-T,T;

B Zeldovich number, § = «E/RT;

AZy radiation-loss zone thickness, AZp = Zp, —Zx

f sumof Zp, and Zx_,0=2Zp. +2Zy

/. thermal conductivity

v mass-based stoichiometric coefficient for the reaction
F+vO—(1+v)P

p density

p nondimensional density, p = p/p,

¢ Stefan-Boltzmann constant

7 nondimensional temperature, 1 =(7—T,)(T,—7T,)
¢ global equivalence ratio, ¢ = v Y/ Yoo

Subscript

R in radiant-loss zone.

Abbreviations
BS Burke-Schumann
IRR infinite reaction rate.

1. Introduction

The interaction between a diffusion flame and a nearby
heat loss zone is complex. Often, the heat losses are pro-
duced by radiation from a fuel-side soot layer. Soot is
formed in a diffusion flame as a consequence of a com-
plicated chain of physical and chemical processes. There
are uncertainties in the description of soot processes in a
flame. Soot formation mechanisms are not completely
understood. In this article, we investigate the influence of
a fuel-side heat loss profile on a pure diffusion flame
established between two infinite, porous walls. In par-
ticular we examine the ‘sensitivity’ of a ‘given’ primary
reaction zone ( flame) to imposed variations of the heat
loss profile, such as its intensity, width and location.
Flame extinction conditions are studied in detail. It has
to be mentioned at the outset that the assumed loss zone
need not necessarily originate due to a soot layer. For
example, the losses may arise from a radiating porous
grid placed next to the flame. Thus, our model describes
general features of diffusion flames with heat losses, with
special emphasis on extinction conditions.

The influence of radiative losses on diffusion flames
has received significant attention in recent years, see the
extensive reviews of refs. [1, 2]. Thermal radiation from
a flame can occur from the gases (H,O, CO,) at high
temperature [2]. and the combustion-generated particu-
lates, i.e. soot. According to the calculations of Gross-
handler and Modak [3], for soot volume fractions
greater than 1077, soot radiation is dominant. If soot
radiation overwhelms gaseous radiation from CO,, H,O
and other species [2], the neglect of gaseous radiation
becomes a modeling option.

In a diffusion flame the characteristic transport time is
greater than the characteristic chemical reaction time,
unless the flame is near extinction. Some characteristics
of diffusion flames have been discussed [4], including
the detailed nature of the temperature and reaction rate
profiles. It was observed that the maximum reaction rate
usually will not coincide with the temperature maximum.
The only exception is the symmetric flame for which the
overall stoichiometric coefficient, ¢, equals unity. For
¢ > 1 the peak of the reaction rate lies between the
Burke-Schumann flame location and the peak of the tem-
perature profile. Identical conditions apply when ¢ < 1.
This predicted behavior has been verified in DNS simu-
lations of turbulent diffusion flames [5}. The implication
of these observations is that it is the reactivity peak that
1s important for flame behavior. not the temperature
peak. though the latter is much more easily measured.

In the thin-flame limit [6] all diffusion flames are “non-
convective' diffusion flames because the mixture fraction
transformation eliminates the convective term while pro-
ducing the dominant reactive-diffusive balance
7,, ~ D|VZ| *w. However, |VZ| depends strongly on the
heat and fluid flow conditions and it introduces a new
function which depends on the spatial coordinates and
the time. The mixture fraction gradient may be absorbed
into a suitably defined Damkohler number D = D|VZ| 2
in front of w. Its functional dependence must, of course,
be withdrawn when later conducting a full examination
of the problem. At this withdrawal stage, the spatial and
transient nature of |VZ] exerts its influence.

Our goal is to describe the response of a diffusion flame
to soot-like radiant energy losses. We shall examine the
total flame heat flux, the total (conductive plus radiative)
energy flux to the lateral porous walls, and the drop in
flame temperature due to radiant Joss. Most importantly,
we shall investigate the variation in the radiative fraction
values with parametrically varied heat loss zones.

We emphasize that the practical aim of this research
has been to examine possible self-extinguishment of
diffusion flames in microgravity. The absence of buoy-
ancy-generated convection of hot particulates (soot)
from the vicinity of the reaction zone suggests that radi-
ative losses from the particulates might depress flame
temperatures sufficiently to cause self-extinction. The
research literature of combustion contains few studies
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wherein descriptions of both soot formation and radi-
ation are included.t The studies that reintegrate certain
results of basic soot research into flame theory are gen-
erally detailed simulations for specific configurations [7-
12]. Agreement between computations and experiments
is attained by adjusting simulation parameters. Detailed
sensitivity analyses [13, 14] of the kind that support para-
metrically based simulations are, to the knowledge of the
authors, never conducted.

A simulation is useful when the physical configuration
is of direct interest, when the theory in question is under-
stood beyond doubt and when no processes have been
excluded. Difficulties occur when physical processes are
ignored. For example, rigorous continuum-mechanical
theories [15] clearly state that multicomponent reactive
media generally possess multiple temperatures. Nowhere
in combustion can this be more relevant than in the case
of a soot—gas mixture. Yet in only very few of the existing
soot studies does the notion of multiple temperatures
enter the formulation [16, 17]. Interestingly, [16], which
examines carbon particle ignition, concludes that *. . . the
effects of surface radiative loss are shown to be significant
for isolated particle burning.” Hence, having a correct
particle surface temperature is imperative for producing
accurate radiation-field estimates.

Our model, by contrast, makes no such restrictions. If
a means can be found for relating multiple tem-
peratures—or any other physical effect— to the heat
loss zone width, displacement and amplitude, then that
effect is by definition included in the analysis.

2. The model

Figure | schematically depicts the problem geometry.
The fuel and the oxidizer diffuse through walls located
at x =0 and x = L, respectively. A diffusion flame is
established between the two walls. A soot layer exists
initially on the fuel side of the theoretical DF location,
consistent with experimental observations [18]. The walls
have ambient temperature 7,. There is no fuel in the
oxidizer stream and no oxidizer in the fuel stream. This
configuration is canonical, because all diffusion flame
problems qualitatively resemble it, whether (i) porous
spheres, (ii) burning droplets, (iii) counterflow flames,
(iv) jet flames, (v) flame spread, etc. All of these con-

T Soot research has become a subject largely unto itself with
the goal of understanding soot properties. morphology, optical
response, etc. [2]. The objective of such work is Lo generate
fundamental understanding of soot characteristics. The syn-
thesis of results of soot research into a comprehensive account
of the problem from whence it originally arose, flame theory,
has not yet occurred.

Radiation
Zone
-
S==
Y,=0 -—=== Yy=Ygo
Yps Y === Y;=0
T=To —Smm= T=T,
==
===
i =
-~

x=L
(Z=0)

Diffusive flux of fuel Diffusive flux of oxidizer

Fig. 1. The problem geometry. including the diffusion flame
(DF), the radiation (soot) zone and the porous diffusive walls
atx=0and x = L.

figurations, however, contain complicating spatial vari-
ations that do not enhance our qualitative understanding.
Some configurations are inherently unsteady, e.g. (ii). In
(1)—-(iil) the equations contain variable coefficients
whereas (iv) and (v) are irreducibly two-dimensional. Of
the above configurations, ours is the easiest to examine.

The combustion occurs through a global, one-step
mass-based reaction of the form F+vO—-(1+WP. A
hydrocarbon is nominally the fuel under consideration
and oxygen is the oxidizing species. A suitable set of
parameter values must be used to generate a range of
Damkahler numbers and flame temperatures. The theor-
etically defined adiabatic flame temperature (see
Nomenclature) produces unrealistically high adiabatic
flame temperatures. A set of realistic hydrocarbon com-
bustion flame temperatures was obtained from the exper-
imental work on flame spread over solid fuels by Ray [19]
and Fernandez-Pello et al. [20], as tabulated in Wichman
[21]. This experimental flame temperature varies with the
free-steam oxidizer mass fraction. The value of the fuel
mass fraction in the fuel stream was 0.85. The flame
temperatures are correlated with a fourth-order poly-
nomial as

T, = 486.66+12230.85Y, —25728.64Y 3,

+25360.02 Y8, —9323.0 Y5,

We calculate Qy. = 49,986 kJ/kg from the expression for
T; in the Nomenclature using Yo, = 0.211, Y, = 0.85
and T, = 298 K. This is within 10% of the experimental
value for methane. We wish to employ physical par-
ameters that nominally resemble those for representative
hydrocarbons. The modified formula
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C(l+¢) -~
correlates the previous 7, expression identically when
Yy = 0.85, see Fig. 2. The Yy values corresponding to
the different curves in the plot range from 0.25 (lowest)
to 1.0 (highest). We note that for Yy, values of 0.25 and
0.30, however, the peak flame temperature does not occur
at Yoo = L. There is a slight local maximum in between.
Our cutoff value is Y,¢ = 0.30, below which we make no
calculations. Except for highly sooting species, this cutoff
is realistic because a low Yy generally does not produce
sooty flames.

The parameter values of Tzeng et al. [22] were used.
These are ¢, = 1.35 kJ/kg-K, o= 124x10"" m's,
v=4.04=5x10"s"", E= 121,940 kJ/kmol.

We write the equations and boundary conditions for
conservation of energy and species. [n nondimensional
form, these are

S ,
T, =T,+ fzzcxp(—3h)0)+i. n

cr 1 &t < dgg .
o L 0D N R 2i
5z Qv Dr+ Ny dz (2.0
A, LAty .
oo 02 gpy (2.i)
o5 07

Oy 1 e
(*‘:L = — —X _Dr. (2.111)
ot 5 éz?

This model is chosen for many reasons. First, it con-
tains all of the terms that describe flame responses to heat
losses. Second, it is generically similar to all diffusion
flames into which our one-dimensional model variant
topologically maps [equations (2) are the same with a
convective flow]. Third, the Damkohler number contains
all of the relevant parameters including reaction time and
diffusion time, 1, = L*/a,. Fourth, a detailed mass-loss
term from the fuel equation is unnecessary if we postulate
(in agreement with experimental results [1]) that only a
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Fig. 2. Flame temperatures via simple correlation.

trace amount of the gaseous fuel forms soot. Finally, one-
step chemistry is employed because a universally accepted
multi-step flame chemistry model does not exist which
describes the accretion of the fuel into a soot conglom-
erate. Numerous alternatives are available [23, 24].

It is important to point out here that the purpose of
this work is not to simulate a diffusion flame and obtain
agreement with experimental data. Rather, we examine
the sensitivity of a given reaction zone (flame) to a sys-
tematic variation of an imposed heat loss profile. Hence,
the intensity, width and location of the heat loss zone are
parametrically varied for each chosen flame (cor-
responding to prescribed oxidizer and fuel mass fractions
in the respective reservoirs). In particular, we are inter-
ested in the effect on the total heat release g, the heat
flux to the reservoir walls, the radiative fraction and the
drop in flame temperature as the loss zone parameters
are varied. Emphasis is laid on establishing the extinction
criteria for a given diffusion flame weakened sufficiently
by severe heat losses. Note that if soot chemistry and the
associated radiation effect are included, by assuming a
soot mechanism and a radiation model, then a given
flame will have a unique radiation loss profile. There is
no longer an opportunity for investigating how weak
the flame becomes with increased heat losses. Hence, we
deliberately assume a heat loss function which is not
coupled to either the energy or the species equations. As
we subsequently show, there is a simple way of assessing
the radiation number N for a realistic sooty flame. Based
on our understanding of the sensitivity of the chosen
flame to a heat loss, we can then say how strongly the
flame will be influenced by the loss zone with the cal-
culated N value. Recall also that our loss zone can
alternatively be considered as a radiating porous grid
placed next to a flame. In that situation, even for a given
flame, for grids of different materials and porosities
placed at various distances from the flame, the radiation
loss term can vary significantly. We may also alternatively
consider two different fuel-oxidizer combinations which
produce approximately the same reactivity profile
(flame) but have different sooting profiles and hence,
different heat loss zones.

For our numerically-computed solutions, the initial
conditions are identical to those for an infinite reaction
rate (IRR), Burke-Schumann flame. We integrate our
equations to a steady-state, if one exists. Shown in Figs
3(a).(b) are representative numerically-determined
temperature and reactivity profiles for the indicated
parametric values. These figures will be discussed in
Section S.

2.1. Heat loss profile

We shall examine two kinds of heat loss functions. The
first is the top-hat profile. for which
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Fig. 3. (a) The influence of Ny on the temperature profile. The loss zone is located between Z, and Z,. Note the local dip in the

temperature profile in the loss zone and the movement of the temperature peak toward the fuel side for increased Ny values. (b) The
influence of Ny on the reactivity profile. Notice the movement of the profile toward the fuel side for increased Ny values.

.

- fi—q} =U(Zp )—-U(Zg,) (3) — 7= sech’[B(Z - Zy)]. (4)
with AZy = Zp, — Zy _ the width of the heat loss profile which is centered at Z = Z,. The width of this loss zone
in the mixture fraction space. This heat loss profile is used depends on the magnitude of parameter 8. It is clear that
in the analytical solution of the problem with asymptotic the loss term can be modified by changing the value of
methods. Although quite simple, this function, however, the radiation number, N and the width of the loss zone.
is non-continuously differentiable at Z, _ and Z ., and At this stage we define A as the separation distance of the
is not suitable for a numerical solution. For this reason, loss zone from the Burke-Schumann theoretical flame

we shall employ the second heat loss function, location Z, 1.e. A = Zy . — Z,. Thus. Ny. AZy and A can
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be parametrically varied to examine the influence of the
heat loss profile on a diffusion flame.

The integrated value of the top-hat loss profile is
[ONR(U(Zg ) — U(Zg ))dZ = NyAZy. For the sech’
profile the integrated heat loss is given by

1
J sech*[B(Z —Z)]dZ = 2N/ B)[1/(1 +exp(—2BZg))

—1/(1 +exp(2B(1 — Zg)))].
For large B this equals 2Ny/B showing that the width of
the sech’ function can be written as AZ, = 2/B in direct
analogy with the top-hat profile.

There is, of course, no feature of the sech® profile that
could not be equally satisfied with a Gaussian or another
profile. Each is characterized by an amplitude and a
width. Identical methods are used in turbulence, where
PDFs are employed in physically-meaningful integrals.
Integrands involving moments, PDFs and other dis-
tributions need not be defined with precision, because
they shall be integrated and smoothed. The differ-
entiability properties of the sech® profile become advan-
tageous in a numerical analysis.

3. Theoretical solution

Here we examine equations (2) without the transient
terms, along with equation (3) for the loss term.

We first develop an expression for the radiant loss
amplitude, Ng = ¢reei/[4.(T:—T,)/L]. We employ the
physical formula for optically thin materials,
dgp/dx = dapa(T* —T}). with a, = 1864.32.T (m™ ")
[25]. We replace T by Ty, the characteristic gas tem-
perature in the loss zone (at Zg, say), and we write
1. = tlU(Zg ) — U(Zy )] Then (see [25] for details)
oTp (T —T3) fix L’ -

(Pr/pain Ty =T,) ™

where 3, = s,/p,L. To find the magnitude of this non-
dimensional expression, we may use 7, = 1700 K,
Tp = 1500 K, /g = 1x107% to find Ny = 575, Since
§=0(10""), we see that Ny is between O(1) and O(10).
This estimate is in order-of-magnitude agreement with
the radiant loss term in a full flame/soot/radiation model
that includes nucleation. coagulation, oxidation, convec-
tion, etc. [25].

We develop the solution of the equations for extinc-
tion. The details are provided in [25]. Application of
activation-energy asymptotics (AEA) yields an upper
bound for the total energy lost from the radiant-loss zone,

| ’n [41);325(1—2,)3}
y n ,
Zi(1-0/2)f8 b

Ny = 7457.28 (5)

NrAZy = (6)

where

by = {e[(1—aD)— (1 —la})* +0.26(1 —|a|)*

+0.055(1 —|a|)*]} "2,
a=27Z—1.
The relationship between the value of the Damkohler

number at extinction with no heat losses, and the
Damkd&hler number at extinction with heat losses, is

D = Dflexplh|]".n = Z,/Zx. <1, (7)

where

he = BH(Zy ) = Plt(Zg . )+ vo(Zy )+ yp(Zy ) —1].
(8)

The quantity H(Zy ) is the enthalpy function, evaluated
at Zx ... We note that the flame and soot-zone locations
are assumed in the analysis not to overlap. That is,
n = ZJZy. is always less than unity. Because yp(Z, ) is
smaller than unity and yp,(Z,.) is nearly zero,
hy, ~Blt(Zg.)—1]. We may estimate 1(Zy ) ~ 7. Equa-
tion (7) shows that the extinction Damké&hler number
with losses is considerably higher than without losses,
and that the closer the flame and loss zone become (i.c.,
the closer » approaches to unity) the larger is Dy, relative
to D§. Because the flame with radiant losses extinguishes
at a higher Damkohler number, it is easier to extinguish.

A comparison of equation (6) with numerically cal-
culated extinction results is shown in Fig. 4(a). The total
radiative energy loss increases as Z, decreases for a fixed
value of Yoo, 1.€., as Y, increases. The difference between
the analytical and numerical solutions at first glance
suggests poor agreement. However, closer scrutiny
reveals that the analytical extinction values are
3.84+1.5% times those obtained from the numerica,
solution, where the +1.5% error is an RMS measure.
Since Yoo was fixed, we anticipate that the correction
factor will depend upon Y. The analytical formula (6)
was derived using asymptotic methods of analysis subject
to various restrictions that are not realized in practice.
The most severe restriction is the required complete
separation between the flame and soot layer which, as
shown in Fig. 3(a), is not observed, even when Ny = 40.
As Ny increases, the overlap becomes more pronounced.
The strong sensitivity of the diffusion flame to heat losses
may explain the relative largeness of the required multi-
plicative factor of (3.84) "

Other results can be derived from the top-hat model.
We shall see in sections 4, 5 that for most conditions
of overall stoichiometry, heat loss intensity, separation
distance, and loss-zone width, the location of the reac-
tion-zone peak can shift from its original position near
Z,. The shift is usually toward the loss zone. A qualitative
explanation of this behaviour is provided in [24], where
it is shown that in many cases DF survival is enhanced
as the reaction zone moves toward the loss zone.

4. Numerical solution

The governing equations (2) were solved subject to
placement of the loss zone, initial conditions for the BS
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Fig. 4. (a) Plot of Ng exinaion Versus Z; for the top-hat loss profil
A = 0 for the sech’ loss profile. Along each curve, Yy increases as

flame, and the boundary conditions indicated in Fig. 1.
A standard implicit finite difference scheme was used in
which the nonlinear terms were linearized using Newton’s
method. For each time step, iterations were employed
until the sum of the normalized residuals fell below |E-
6. The transient conservation equations {2) were inte-
grated to a steady state. These solutions were checked in
some cases with a shooting algorithm that employed only

0.20 0.30 0.40

e. (b) Extinction plot for AZz = 0.06 and zero initial displacement,
Z; decreases. the largest Y. values have the highest Ny cxneion Values.

the steady-state equations. In general, the unsteady sol-
ution was more robust. The shooting approach required
nearly perfect initial conditions, without which it would
diverge to a non-physical solution. Existence and unique-
ness of solutions was not proved for the system of equa-
tions (2).

In the rendering of our solutions into physical coor-
dinates, we evaluate the transformation factor 3,, which
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depends on the density profiles. An iterative process is
required. We use the ideal gas law to derive the following
relation between p and 1 {24, 25],

| —=
=3 —a(l—1)"
For the ambient surroundings, T = 0 and p = 1. At the
flame temperature the nondimensional density is
p = 1—ux. In the numerical solution, we must evaluate 3,
at every time step. It can be shown that

| ]

fo=—

nlaz 1+E0-0)idz
i

The relation between ¥ and Z is

Jﬁ}( | ,//7)dZ
“} (1/p)dZ

From equations (2), the solutions in Z can be trans-

formed to the physical coordinate . The quantity §, is

evaluated once the density distribution is known: the

limits (1 —2) < 5, < | must be obeyed.

5. Results and discussion

Figure 3(a) depicts the nondimensional temperature,
1. plotted as a function of the mixture fraction coordinate,
Z. for different values of the radiation number, Ny, for
the parameter values shown. In our subsequent analysis,
we retain the same set of (Yoo, Y1) and vary the location,
width and intensity of the radiative loss zone. The trends
for other sets of reservoir mass fraction values are similar.
The flame temperature profile is uniformly lowered as Ny
increases. The flame temperature peak moves toward the
fuel side. The drop in the peak temperature, as well as
the shift of the peak. becomes more prominant for higher
Ng values. For Ny greater than 213, we no longer obtain
a steady state temperature profile, indicating radiative
extinction. This upper bound is defined as Ny ..incion- We
also note that there is a local dip of the temperature
profile in the radiative loss zone for higher values of Ny.

Figure 3(b) shows the nondimensional reaction rate
term for the same case. The reaction rate profile collapses
for increasing Ny values. The reaction rate peak moves
towards the fuel side. This movement is more con-
spicuous for higher values of N. The reaction rate peak
is always to the left of the temperature peak, i.e.,
Zy < Z, < Z.. This behaviour is in accordance with the
results obtained for pure diffusion flames without radi-
ative losses [4].

Figure 4(b) is an extinction plot for the case when
AZy =0.06 and A =0 (i.e., zero initial separation).
Extinction values of Ny, are plotted as a function of Z,, the
theoretical flame location in mixture fraction coordinate.
For a given value of the oxidizer mass fraction at the

wall, (Ng)extincion iDCTEASES as Z; is decreased. A decrease
in Z; implies, for fixed Yo, an increase in Ygp. As Ypp
increases, the reaction rate becomes more vigorous; it
becomes more difficult to extinguish the flame through
radiative losses. For the same value of Z,, a lower value
of Y,o means a correspondingly smaller value of Y.
The reaction rate diminishes, making it easier to
extinguish the flame. This explains the leftward shift for
decreasing values of Y.

We next examine some quantities of practical interest.
We retain Y, = 0.6 and Y, = 0.8 with different thick-
nesses of the radiative loss zones and for different sep-
aration distances. The flame transfers heat to the oxidizer
wall by  conduction and radiation, hence
Owo = Owoconit Owora Half of the radiative losses
travel to each wall in the thermally-thin limit. We
transform the expressions for Qwocoma aNd Ow.orag
to the Z coordinate and normalize Oy, =
(153)(de/dZ)|,—y+ 0.5 x Nefi (1/5,)(dGr/dZ)dZ. When
Ow oS is plotted it is seen that the global, integrated heat
transfer characteristics do not depend strongly on the
separation distance A. We obtain distinct groups of
curves which correspond to different loss zones of differ-
ent thicknesses. However. A does become important for
higher values of Ny close to extinction. Also, the value
of Ny required for extinction is higher when the heat loss
zone is very thin, as intuitively obvious.

We plotted Qw 5, as a function of Ny(2/B). Figure
5(a) shows that the quantity Np(2/B), which is approxi-
mately the value of the total heat loss integral
[ Ngsech® [B(Z — Zg)]dZ, collapses the wall heat transfer
data except very near extinction. When plotted against
Nr(2/B). Qw05 does not reveal any appreciable depen-
dence on either the separation distance or the thickness
of the loss zone. It is also apparent from Fig. 5(a) that
for high values of N, near extinction the heat loss to the
oxidizer wall decreases and the curves become dis-
tinguishable from one another.

Another quantity of practical interest is the radiative
fraction y, given by the ratio ¢y.a/¢row. The quantity g,
decreases with increasing values of Ng, as seen in Fig.
5(b). For thicker loss zones, the drop in g, with increas-
ing values of Ny is more rapid. We plot the total heat
release ¢y, as a function of Ng(2/B), as shown in Fig.
6(b). The curves for different loss zone thicknesses col-
lapse onto one another except near extinction.

The variation of ¥ as a function of Ny for different
thicknesses of the loss zones and for A = 0 can be evalu-
ated. Here, y increases with increasing Ny for a flame
with a given loss zone thickness. The integrated quantity
Yraa INCreases with Ny and, because gy, decreases, v,
which is a ratio of the above quantities, increases. In
order to produce a given value of y, a higher N, is
required for a flame with a thinner loss zone. We plot x
as a function of Ng(2/8) in Fig. 6(a), which again indi-
cates that the integrated heat loss characterizes the radi-
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Fig. 5. (a) A plot of total nondimensional heat flux to the oxidizer wall versus abscissa Ng(2/B). The correlation of the straight-line
region is (heat flux) = 1.9Nx(2/B)+5.3. (b) Plot of the total heat release as a function of Ng(2/B) shows collapse of the data to a single

line except very near extinction.

ative fraction very well, except near extinction. The lim-
iting value of x for which extinction occurs ranged
between ~0.28 (AZi = 0.10) and ~0.36 (AZ = 0.04).

Figure 6(b) shows the variation of the drop in flame
peak temperature, At,, as a function of the radiative
fraction y. If we denote the maximum temperature by 7,

then Az, is defined as | —7,. We recall the temperature
has been normalized in such a way that the peak t value
for the IRR flame always has the value of unity, regard-
less of the oxidizer and fuel mass fractions. Thus, At
represents the drop in peak temperature for finite rate
chemistry and radiative loss, in comparison to the IRR
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Fig. 6. (a) Radiative fraction versus Ng(2/B) showing the collapse of data to a single curve. (b) The decrease in flame temperature
versus radiative fraction shows a linear functional form that is virtually independent of AZi. The curves do, however, diverge from

one another for high values of ¥ nearing extinction.

situation. The increase in At; with y was almost linear
for smaller values of x. However the curves for the differ-
ent loss zone thicknesses diverged from one another for
higher values of y, indicating that near extinction, flame
behaviour is dependent on the thickness of the loss zones.

6. Conclusions

The following conclusions can be drawn from the
present study:

[

. A fuel-side heat loss zone lowers the temperature pro-

file of a flame with a local dip observed in the zone of
heat losses.

. On increasing the heat losses, the temperature and

reactivity peaks of a flame with given Y., and Y,¢
values move toward the fuel side. For all situations,
Zi< L, < Z..

. Extinction plots indicate that Ny . ineion decreases with

increased Z; for a given Y, and, for a given Z,, a
decrease in Y, results in a decrease in Ny exinction-

. The heat flux to the oxidizer wall does not depend
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significantly on the thickness of the loss zone or its
location, and has an almost linear increase with the
integrated heat loss quantity, Ny(2/B). Very near
extinction, however, the heat losses tend to decrease
significantly.

. The total heat release, ¢1,,,. and the radiative fraction,

¥ are characterized very well by the quantity Ny(2/B)
indicating that two heat loss zones with different inten-
sities (Ng) and loss zone thicknesses (AZy) may have
approximately the same influence on a given flame if
the integrated value of the heat loss function, Ng(2/B)
is the same for both the loss zones.

. The drop in peak flame temperature follows an almost

linearly increasing relationship with the radiative frac-
tion, y, for smaller values of y far from extinction
conditions. The curves diverge from one another for
higher values of . The extent of divergence becomes
more pronounced as the extinction limit is
approached.

. An analytical formula, derived via activation-energy

asymptotics (AEA), is shown to agree with our
numerical results when a multiplicative numerical con-
stant is included in the formula.
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