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Abstract

Spherical flame balls are studied using a model for the chemical kinetics
which involves a non-exothermic autocatalytic reaction, describing the chain-
branching generation of a chemical radical and an exothermic completion
reaction, the rate of which does not depend on temperature. When the chain-
branching reaction has a large activation temperature, an asymptotic structure
emerges in which the branching reaction generates radicals and consumes fuel at
a thin flame interface, although heat is produced and radicals are consumed on a
more distributed scale. Another model, based more simply, but less realistically,
on the generation of radicals by decomposition of the fuel, provides exactly the
same leading order matching conditions. These can be expressed in terms
of jump conditions across a reaction sheet that are linear in the dependent
variables and their normal gradients. Using these jump conditions, a reactive—
diffusive model with linear heat loss then leads to analytical solutions that are
multivalued for small enough levels of heat loss, having either a larger or a
smaller radius of the interface where fuel is consumed. The same properties
are found, numerically, to persist as the activation temperature of the branching
reaction is reduced to values that seem to be typical for hydrocarbon chemistry.
Part of the solution branch with larger radius is shown to become stable for low
enough values of the Lewis number of the fuel.

1. Introduction

A paradigm in combustion theory, that has dominated the modelling and study of flames
from a theoretical and analytical perspective, is the use of a one-step model to describe the
chemistry [1-13], such as

F+M — P+ M + heat or F+ O, — 2P + heat @))
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with an Arrhenius ‘rate constant’ k = Ae ~7»/T_ In these model reaction schemes, the fuel F
is considered to produce the product P (with the intervention of an oxidant O, in the second
example) through a single elementary chemical step. The symbol M represents any molecule
that is needed to trigger the reaction step, but that is not changed by the reaction. As a result,
the rate of the first reaction is taken to be proportional to p>Yre ~7/T and the rate of the second
reaction to p>YrYo,e ~74/T, where p is the density and Yr and Yo, are the mass fractions of
the fuel F and the oxidant O,, respectively.

The usefulness of this form of model lies partly in its inherent simplicity, but also partly in
the fact that the asymptotic limit in which the activation temperature 7 approaches infinity
proves very useful for approximating solutions analytically—the resulting extreme sensitivity
of the reaction rate to changes in temperature leads to narrow regions of reaction that match
with outer regions of non-reactivity, in asymptotic structures that are amenable to further study.
In flames, realistic values of Ta /T are often thought to be about ten to fifteen. Moreover, the
effect of changes in temperature on chemical reactivity is exaggerated by the exponential in
the rate constant, so that the assumption that 7o/ T is large does not seem unreasonable.

In fact, the one-step, large activation temperature asymptotic limit has led to many useful
and qualitatively correct predictions for, amongst other things, such phenomena as: ignition,
extinction and stability of diffusion flames; propagation and stability of premixed flames with
heat loss; flame balls with heat loss and their stability at low Lewis numbers; structure and
propagation of triple flames and other flame edges; and the initiation, structure and stability of
detonations. With only a few exceptions (as found in [14—-19]), analytical solutions describing
laminar flames have been founded on the one-step model; flames have also been described using
a variety of reduced-kinetic models for the chemistry [20-22], the rates of which are combi-
nations of the rates of elementary hydrocarbon oxidation reactions, but these models are much
more problematic to analyse in any general way. References for all the achievements of the
one-step model are far too numerous to cite here; the reader can find many suitable citations in
texts and review articles on combustion theory and in recent articles on the subject, e.g. [1-13].

Most of these results have been obtained analytically in terms of matched asymptotic
descriptions in the limit as T /T — oo, providing an in-depth understanding of the behaviour
of many experimental observations of flames. Indeed, asymptotic and numerical predictions
of some phenomena, such as the negative propagation speed of the flame edges [23-26] and
the existence of stable flame balls [27-33], preceded and indeed motivated their observation
experimentally [26, 31-33]. There is now a growing theoretical literature of flame-ball studies
based on one-step chemistry [34—42], supplemented by numerical studies based on detailed
chemical, transport and radiative models [43—46].

Of course, real hydrocarbon flames do not arise as a result of one-step chemistry. There
are usually very many contributing reactions involving several more chemical compounds
than simply fuel, product and oxidant [47-50]. More complex models, even the relatively
simple model that includes autocatalytic chain branching [1, 2, 14] of an intermediate chemical
‘radical’ Z

F+Z — 27 © kg = Age /T

()
Z+M—>P+M : kc=Ac

have received very little attention from an analytical perspective [6, pp 53-5]. Until now, for
example, the stability of flames involving even this relatively simple two-step mechanism has
not been known. There are, in fact, quite a few radicals and other intermediate chemical
species that serve mutually to catalyse their own production in the oxidation of hydrocarbons
[6,48], so that the model radical Z can be thought of as representing the overall effect of many
energetic intermediate species in the form of a generic single ‘radical’ species.
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A similar model that deserves mention [1] involves the non-branching production of an
intermediate species

F+M—>Z+M : k= Aje /T

3)
Z+M—->P+M kC:AC

as an alternative for describing the kinetics of flames. This reaction scheme describes sequential
chemical changes of the type A — B — C as have been used to study the effects of exothermic
and endothermic stages in planar flames [2]. The first of the reactions in (3) is a simple fuel-
decomposition step that serves a similar purpose to the first reaction in (2). However, in full
hydrocarbon reaction schemes, individual elementary decomposition reactions tend to have
extremely high activation temperatures and to be very slow indeed, so that the model (2) is
likely to be a more realistic representative of the chemistry of most flames. Nevertheless, as
a simple model in which the intermediate species is created without any self-catalysis, the
scheme (3) is of interest and, as will be seen, it can be predicted to produce very similar forms
of solution to those produced by the branching scheme (2).

Both of these relatively simple models are in need of deeper investigation. The main
development beyond the one-step model is their thermally sensitive introduction of an
intermediate energetic reactive species which typically serves both to provide a reservoir of
chemical energy and to distribute the production of heat more widely than is possible with
one-step kinetics, when the activation temperature T is large.

Of course, flames can also be modelled using detailed chemical schemes, and a great
deal of work has been directed towards determining suitable chemical and transport models
for hydrocarbon oxidation (see, e.g., [47-50]). Because of their enormous complexity these
models can only realistically be studied numerically, as outlined in [50]. Calculations of this
type are valuable in providing detailed information about the processes that operate inside
flames. However, much more work will be needed before such studies can approach the same
kind of understanding of the stability and dynamics of flames that has been possible through
studying flames with one-step chemistry.

Another disadvantage of highly detailed and technically ‘accurate’ models is their lack
of generality. By lumping processes together into more simple models, parameters such as
Damkohler numbers, Lewis numbers and Zeldovich numbers arise naturally to ‘approximate’
the overall effects of reactivities, diffusivities, and so on, for a wide variety of possible
combustible mixtures. For different choices of the parameters, these models can then be
used to represent many types of flames and fuels at different mixture fractions, supplying a
much more coherent overall picture.

Analytical solutions that depend on the parameters can then explain both relationships
and differences between the behaviour of different types of flame much more readily, in terms
of thresholds of bifurcation or instability that appear over readily identifiable ranges of the
parameters. Numerous asymptotic as well as numerical studies based on one-step models
of the type (1) have demonstrated this very clearly [1-13]. For example, the reason why
stable flame balls must be non-adiabatic with a lean fuel having a low Lewis number was
demonstrated in this way [29, 30]. In fact, until now, the stability of flame balls has not been
demonstrated using any other form of model.

In this paper, we examine the structure and stability of flame balls modelled using either
of the two-step reaction schemes (2) or (3), taking the chain-branching reaction F + Z — 27,
or the radical-producing, fuel-decomposition reaction F + M — Z + M, to produce no heat
and to have a rate that depends sensitively on temperature. We therefore assume that Tg/ T
or T1/ T is large, where Tg is the activation temperature of the branching reaction in (2) and
T1 is the activation temperature of the fuel decomposition reaction in (3); realistically, 7/ T is
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likely to take a value between about five and ten for the slowest, and therefore rate-controlling,
radical-branching reactions in hydrocarbon flames; although 77/ T is likely to be very much
larger, reactant-decomposition reactions are simply too slow to play any significant role in real
hydrocarbon combustion.

The model (3) is studied here for the sake of completeness and because it is easily found to
generate almost the same kinds of flame structures as the model (2), demonstrating clearly that
thermal sensitivity of the rate of production of radicals is the main factor that determines the
structure and properties of the resulting flames. Finally, the completion reaction Z+M — P+M
is taken to be exothermic and not thermally sensitive, having an activation temperature of zero.

The limits Tg/T — oo or T;/T — oo lead to narrow reaction layers within which the
fuel F is converted into the chemical radical Z. Jump conditions across this layer can be
obtained, having some very significant differences from the corresponding conditions found
for one-step chemistry. Both of the models (2) and (3) generate the same dimensionless jump
conditions to leading order which, most notably, are found to be linear in all of the dependent
variables and their gradients normal to the reaction sheet. These jump conditions can be used
to model any form of premixed flame [41].

When applied to flame balls with heat loss, we find that multiple branches of solution
arise; parts of the larger branch of solution are stable under some circumstances. Importantly,
when sustained by the branching kinetic model (2), we also find numerically that this branch
of solutions does not disappear as Tg/T is reduced to realistic values. Using the models
studied here, the thermally sensitive production of an energetic intermediate reactive species
does, therefore, provide a fully consistent asymptotic and numerical description of stable flame
balls.

2. Model with chain branching kinetics

Taking the chain-branching reaction to release no heat in the reaction scheme (2), reactive—
diffusive conservation equations for the absolute temperature 7 (¢, r), and the respective mass
fractions Yg(z, r) and Yz (¢, r) of fuel and radical, become

03, Yr = pDpV?Yr — Wr wp
,08th = ,0D2V2YZ + Wz wg — Wza)c

0pCp 3T = AV*T + Qurc — £ “4)
Y Yr pY.

wczAcuﬁ, wB—ABupZ Ts/T
W, W Wg Wy

along with the boundary conditions

lim (Yg, Yz, T) = (Yro, 0, Tp)
[r|—00

in which, for simplicity, the density p, specific heat Cp, thermal conductivity A, diffusivity of
fuel D, diffusivity of the radical Dz and the mean molecular weight W are all taken to be
constant. The term £ represents the rate of heat loss to infinity through radiation. The molecular
weights of fuel and radical are Wr and Wz, respectively, and Q is the specific heat-release of
the completion reaction. The pre-exponential factors in the rate expressions wg and wc for the
branching and completion reactions in (2) are Ag and Ac, respectively.

If we now rescale the dependent and independent variables such that

t = fsl/, r= Vsl‘/, T =Ty+ TST/, Y = YroF, Y, =Yz Z
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with
, Lk 4 A A
Iy = s = —"—, LeF:—7 LCZ:
pCp pLezAc pCpDr pCpDz
QYFQ Lt LeZWZ
Q' =——, U= - Zs = Yro (5)
CPTSWZ :OCst Lep We
ﬂZeTB/(T(ﬁT,) — AgW Yro, ﬁ — i’ q = T
AcWg (To + Ty)? Ty + T

then (after dropping the primes) a dimensionless version of the problem can be written as
LegF, = V*F — B2FZk(T)
LezZ, = V*Z — Z + B*FZk(T)
0z

T, =VT+— —¢ (6)
LCF
T-1
D= (P )

with the boundary condition

Jim (7, F,2) = (0,1,0). @)

The non-dimensionalization thus serves to define natural time and length scales for the
rates of heat production and heat conduction, while the diffusivities of fuel and radical are then
measured by the inverses of their respective Lewis numbers Ler and Lez. The dimensionless
function F'(¢, r) measures the mass fraction of the fuel F, scaled against its value at infinity,
while the function Z (¢, r) measures the mass fraction of the radical Z, scaled so as to balance
the rates of diffusion and either production or consumption of fuel and radical, respectively, due
to the chain-branching reaction. The dimensionless heat of reaction Q represents the chemical
enthalpy of the mixture at infinity and the term £ represents the dimensionless rate of radiative
heat loss, both scaled against the change in thermal enthalpy that occurs if the dimensional
temperature changes by the scale factor 7;. The latter scale factor is used to define the new
dimensionless temperature scale 7 (¢, r), the origin of which is chosen, naturally enough, to
be the temperature at infinity.

The choice of the scale factor 7, deserves more detailed discussion; it is clearly chosen
so that the dimensionless temperature 7 = 1 occurs at an absolute dimensional reference
temperature of Ty + 7. It can be noted, in passing, that the Zeldovich number 8, as defined
in (5), differs from the definition of the Zeldovich number that is relevant for flames that are
modelled using one-step chemistry; rather than being based on the adiabatic flame temperature
or, in the case of flame balls, the maximum adiabatic flame-ball temperature, it is based on the
reference temperature Ty + T;. The exponent in the dimensionless rate constant k(7") then
linearizes to B(T — 1) about the dimensionless temperature 7 = 1 or, equivalently, the
dimensional reference temperature Ty + T,. Correspondingly, g measures the ratio of the
temperature change to the absolute temperature only up to 7y + T, rather than the adiabatic
maximum temperature.

It can also be noted in passing that, if Yz is held fixed at Yg(, then the dimensional
temperature Ty + Ty is the temperature at which wg = B%wc. This temperature is higher than
the temperature at which we would find wg = wc.

The absolute temperature 7;. at which the rates of the branching and completion reactions
are the same, that is wg = wc, is known as the ‘crossover temperature’ ([6,22] and [7, p 27]).
At this temperature, in a spatially homogeneous system, the rate of chain-branching radical
production exactly balances its loss rate through the completion reaction, since there are
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no diffusive losses. At temperatures above T, for which wg > wc with Yg = Yo, the
homogeneous form of the model (6) gives

ch%gzz(ﬁzF%(T)——l)Z

with the coefficient f2Fk(T) — 1 being positive if F = 1. Given any small non-zero
initial radical concentration, it follows that an exponential chain-branching growth in the
radical concentration would occur until sufficient fuel is used up to reduce the coefficient to
zero; the radical concentration Z = 0 would thus represent an unstable equilibrium of the
homogeneous system. Conversely, at temperatures below the crossover temperature T, the
sign of B2Fk(T) — 1 becomes negative and Z = 0 then represents a stable equilibrium of
the homogeneous system; any non-zero initial value for Z decreases exponentially with time.
Unlike the one-step kinetic model (1), the branching model scheme (2) does not therefore
suffer from the cold-boundary difficulty [1], provided the fresh-gas temperature is below the
crossover temperature.

The reference temperature 7y + 7s must be chosen to be higher than the crossover
temperature 7, so that, at this temperature, we would have wg = B2wc if Yg is held fixed at
Yro. The extra factor of 82 that appears in the dimensionless chain-branching rate-expression
B2F Zk(T) in the model (6) reflects the fact that the chain-branching production of radicals,
at the dimensionless temperature 7 = 1, must now compete with the diffusive removal of
radicals which will be seen to be a significantly stronger effect than the removal of radicals
by the completion reaction. Also, the consumption of fuel by the branching reaction tends to
reduce considerably the value of F whenever temperatures reach the reference temperature,
as will be seen.

Reduced-chemistry studies of methane flames, such as [20-22], suggest that the reference
temperature Ty + T, at which the fuel concentration will be seen to decrease towards zero, has
a value of roughly 1300 K under atmospheric conditions (see [22]). Taking, for example, the
activation temperature of 8500 K, for the key chain-branching reaction H+ O, — OH + O, to
represent T and taking 7p to be room temperature (about 300 K) then leads an estimate for
the Zeldovich number of 8 & 5. Solving the equation 8%k(T) — 1 = 0, with ¢ = %, then
leads to an estimate for the crossover temperature of 7, & 900 K. The independent arguments
of Lifian and Williams [6, pp 53-5], Warnatz et al [50, pp 104—6] or Westbrook [48,49] seem
to indicate that a realistic crossover temperature should indeed be approximately 850-900 K,
suggesting that a typical value of 8 for hydrocarbons might indeed be about five. Even though
this is not particularly large, we shall use the limit 8 — oo to construct asymptotic solutions of
(6) and (7), using subsequent numerical calculations to examine how solutions might change
for finite values of 8.

The overall relationship between Ty, T, T, T and B can be written in the form

To+T)> To+T, Inpg? TsT.
(O s) — 0 s+n/3, ’3= Bisg (8)
T.T, T B

(TO + Ts)2

which, if Ty and T are held fixed, can be used to solve for the scale factor T; in terms of either
B or Tg. In the case for which T is assigned the realistic value of 7. = 900 K, figure 1 shows
how the reference temperature 7y + T varies as a function of 8 at a number of different far-
field temperatures Ty < 7¢.. In all cases, the reference temperature approaches the crossover
temperature as § — oo (or, equivalently 75 — ©0).

In the leading-order asymptotic description (that will be presented in section 4) it may
be best therefore to think of the dimensionless temperature 7 = 1 as being more-or-less the
same as the dimensional crossover temperature 7.. Dimensional temperatures must increase
above T, if there is going to be any significant level of chemical activity at all. The higher



13:59 26 May 2010

[ University of Southanpton] At:

Downl oaded By:

Flame balls with thermally sensitive kinetics 181

TO + Ts
1 200
1400 9 300
400
500
1200 - 600
700
1000 - TON
oo % T _C
800 —
) ) ) ) ) ’13
5 15 25

Figure 1. The reference absolute temperature 7p + T as a function of the Zeldovich number g for
various far-field temperatures Ty at a fixed value of 7, = 900 K for the crossover temperature.

order asymptotic description (presented next, in section 2.1) shows that the activity becomes
stronger and leads to a narrow region of branching reaction if the temperature rises through
Ty + T;. Nearly all branching activity takes place between the two temperatures 7, and Ty + T,
with fuel leakage occurring if temperature has a maximum value that is closer to 7¢.

Finally, eliminating all of the reaction-rate terms in (6) yields another equation

TLGF 2 TLCF ELGF
0; | LegF +LezZ + =V |\F+Z+ —
) 0 0

which could be used to replace any one of the other conservation equations in (6). The
time derivative term of this equation can be used to show that the adiabatic planar flame
temperature, at which F = Z = Q0 with £ = 0, is T = Q, while the Laplacian term shows
that the temperature of steady adiabatic fully-reacted flame balls is T = Q/Leg. In studying
flame balls it is convenient therefore to define
0=
CF

to replace Q/Ler in the dimensionless model (6).

2.1. Narrow region of chain-branching reaction

For g > 1, if T increases through unity, then the temperature-sensitive non-linear Arrhenius
factor k(T) changes rapidly from small to large values, implying that a narrow reactive
boundary layer must exist around 7 = 1. There are two situations, with differing forms of
solution, which depend on whether or not there is a maximum value of temperature near 7 = 1.

Readers who are not particularly interested in the details of the asymptotic structure of
this narrow reaction region, or the details of the model (3) with fuel decomposition that will
be described in section 3, can skip to section 4 where the resulting overall leading order
flame-sheet model is presented and analysed.

2.1.1. Temperature increasing through unity. Supposing that there is an interface r =
R(ry, r;), parameterized by two scalar variables r; and r,, which follows a thin region of
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reaction with unit normal n, then rescaling such that

T=1+p8""s, r=R+ng 'y, Z=7+p ¢, F=p8'f )
gives rise to the leading order inner equations for f, & and s
fim=Zfe' =—&,, Sym = 0. (10)

Thus, by choosing the value of Z so that f + & = 0 when = 0, we can deduce that

§ = o+ un, f+&E=vn

for constants p, v and sy.

Provided p # 0, so that the temperature 7 actually does change through unity, the problem
can be written as
&f df
az "
leading to the solution (after imposing a physically necessary condition of chemical equilibrium
or f — 0, in the limit as s — 00)

wWis=27Zfe* or ¢ —42f =0 with u2¢? = Ze*®

_071/25/2
/= AKo(2¢) = AK, (T)
' _271/2g5/2
O(e‘“%xp(—)) as § —> 00
=A X H
1 I K
_Es—y+ln(ﬁ>+0(se) as s - —00

for any constant A, where Ky is a modified Bessel’s function of order zero and y is Euler’s
constant (y ~ 0.577216).

To leading order, when |s| or |n]| is large, this gives the asymptotic behaviour of the scaled
fuel concentration f, and the perturbation £ in the radical concentration, as

0 as un — oo
f=vm—§=AX w
—%(s0+,un)—y+ln i as un — —oo.
By choosing the exact location of the interface R (the origin of 1) such that these two asymptotic
forms of behaviour of f for large |n| extrapolate back to intersect at n = 0, we find that
so =In(u*/Z) —2y.
The conditions for matching the behaviour of these inner solutions, at large 1, with outer
solutions, as r — R*, then becomes

[+ [Z])=[T]=[T]=[F]=[Z]=F =0
B T2 (11)
— 1 no_
T=1+p <1n 7 2y>

atr = R*, provided 7,, # O at the interface. In addition, we must have F = 0 where T > 1
and if we were to have, for example, F = 0 forn < 0 and F > 0O for n > 0, then we must
also have that 7, < 0. The subscript n in these jump conditions denotes the partial derivative
or gradient in the direction normal to the interface and the square brackets [-] represent the
value of the contents of the brackets on the side to which n points minus the value on the
opposite side.

This asymptotic result fails at some stage if |7,,| becomes too small. It is worth noting
that, for large values of 8, either equation (8) or the relation 2k(7) = 1 can be used to show
that the dimensionless value of the crossover temperature is given by T ~ 1 — 287! In 8.
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It follows that, if 7, decreases to the order of B~ the temperature predicted in (11) is then
virtually the same as the crossover temperature. At such small values of 7, the asymptotic
estimate in (11) for the value of T at the flame sheet is no longer valid. Instead, it is necesary to
focus attention on a local maximum of temperature that will be seen to be below the reference
temperature 7 = 1.

2.1.2. Maximum temperature near unity. If temperature has a maximum value, so that 7,
would then be small in the region where the branching reaction is active, we can note that the
value of V2T or T, should then be of order one and negative. In such a situation, a different

inner rescaling is appropriate. A suitable scaling for the inner problem is
T=1+""(s—3mp), r=R+h0p7"?%y 1)
Z=27+p ', F=F+pB7'%f

It can be noted that order one values of the inner temperature gradient s, then correspond to
outer temperature gradients 7}, that are of the order of B~1/2.

The scalings (12) lead to the leading order inner equations for f, & and s

fom=FZe® = —§,, Spp=4—0Z

with £ being a constant approximation to £ in the thin reaction zone. Since s must be taken
to have a local maximum, it can be noted that we must have £ < QZ. Thus, the rate of
heat production must exceed the rate of heat loss near the maximum in temperature. (Similar
results would arise even if £ varied significantly with 7, as long as 0Z—tis greater than some
positive quantity for all order one values of 1. This ensures that s decreases without bound
both as n — oo and as n — —o0).

With R and F + Z being chosen suitably we then have

s:so—%(QZ—Z)nz, f+&=vn
leading to
fon = FZe%e~(@7-0r/2

with the solution, for a suitable normalization of the value of F

_ 2 ——— }_72 S0 R
f=nf, +FZe" / QJTZ/ 7 n erfc (—n,/%(QZ—£)> + Qz—eg_e—@z—”ﬂz/2

where f,’i is the limit of f; as n — Z=oo. It can be seen that

2 0Z—1L
7 or so=1In [f"_ +1 Q )

(fl=fy — 1 =FZe” 071 3 o

Matching conditions for the outer problem, at r = R, that result from this solution,
are now

[F)+Z,)=[T]=[F]=[Z2]=T,=0
T = 148" (m[ w1, 2278 —%lnﬁ> (13)

1

2 2
which fails at some stage if F becomes too small at the interface. The same kind of result
would be found even if £ varied significantly with 7, as long as the scaled temperature s has
a local maximum near n = 0. The value of £ in (13), at r = R, may then need to be defined
differently, as a suitable average, but the overall effect would be much the same.
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It can be noted that if F becomes of the order of 8!, as it is in the scalings (9)
that are relevant for temperatures that increase through unity, then the temperature that the
conditions (13) predict at the interface increases to 7 ~ 1 — % B~ 'Inp. Otherwise, the

temperature at the interface satisfies T ~ 1 — % B~"In B which is closer to, but still greater
than, the crossover temperature.

In general, if temperature has a local maximum at the reaction sheet then the reactant
concentration F need not be zero on either side of it. That is, reactant can survive through the
reaction sheet in a way that it cannot do if 7, # 0 at the sheet.

3. Model with fuel decomposition

Taking the fuel decomposition reaction to release no heat in the reaction scheme (3),
dimensional reactive—diffusive conservation equations become

03, Yr = pDpV*Yr — Wr oy
pa,YZ = ,0D2V2YZ + Wzwr — Wz(,()c
pCpdT = AV?T + Qe — ¢
a)czA ,O_YZﬁ’ a)IZAIp—YF ﬁeiTI/T
Wz W Wg W
in which wy is the rate expression for the fuel decomposition reaction in (3) with pre-exponential
factor Aj. All other terms have the same meaning as in the model (4).

In fact, these equations are very similar to the equation (4) that describe a chain-branching
reaction process, and they can be made dimensionless in a very similar way; the only changes
that are needed from the reference scalings (5) are the new implicit definitions for 8 and 7;
AWz Yro _ NI,

AcWeYz,’ - (Lo+Ty)?
to produce the dimensionless version of the model

LegF, = V*F — B2Fk(T)
LeyZ, = V*Z — Z + B*Fk(T)

B2eTi/ (0T

T,=V’T+QZ ¢ (14)
T—-1

The only difference from the dimensionless model (6), with 0 replacing Q/Lep, is the
disappearance of a factor Z from the radical-producing reaction rate 2Fk(T). The new
definition of B differs from the corresponding definition in (5) only because the activation
temperature 71 of the fuel-decomposition reaction in (3) replaces Tg.

Unlike the chain-branching model, an unreacted state with Z = 0 is not stable at any
low enough temperature. In fact, there is no crossover temperature for this model. However,
in direct analogy with the chain-branching model, the dimensional reference temperature
Ty + T; is the temperature at which w; = ﬂza)c with Yr held fixed at Ygg and Y7 held fixed
at Yz;. The activation temperatures of both of the main fuel-decomposition reaction-steps,
CH4+M — CHs; +H+ M and H, + M — 2H + M, for methane and hydrogen are about
53 000 K, suggesting that 8 might have a value of about 30 or more, if Ty + T is a temperature
found in any typical hydrocarbon flame, that is, a temperature that is less than about 2000 K.
One fuel and oxidant decomposition reaction CHy + O, — CHj3 + HO; has an activation
temperature of 28 200 K, suggesting that an effective Zeldovich number could be as low as
about § = 12.
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It must be remembered that decomposition reactions are, in reality, almost completely
insignificant in most hydrocarbon combustion, where chain-branching or chain-propagation
reactions are mainly responsible for the conversion of reactants to radicals [1,6]. On the other
hand, in other chemical systems the model may be more relevant [2] and, as mathematical
models, it will soon be seen that both of the reaction schemes (2) and (3) lead to the same
leading-order dimensionless solutions if 8 >> 1. This fact serves to stress the general nature
of the resulting matched asymptotic picture.

3.1. Narrow region of chain-branching reaction

Because the dimensionless model (14) is very similar to the model (6), the structure of the
inner reaction region with 8 > 1, in which F' is consumed when 7 is near unity, is also very
similar. Readers who are not interested in the details can skip to section 4.

3.1.1. Temperature increasing through unity. Exactly the same scalings (9) can be applied,
to arrive at the leading order inner equations for f, £ and s

fim = fe’ ==&y, Spy = 0.

The only difference between these equations and (10) is the disappearance of the factor Z.
Exactly the same arguments can therefore be applied, with Z replaced by unity, to arrive at the
conditions for matching with outer asymptotic solutions, at r = R*

(Ful+[Z)=[T]1=[T1=[F]=[Z]=F=0

T=1+p"(InT} —2y) (13

provided 7, # O at the interface.

3.1.2. Maximum temperature near unity. If the temperature has a maximum value near unity,
the scaling (12) can be used to arrive at the leading order inner equations for f, £ and s

fon=Fe* = —&y, sp=LC—0Z
with the analysis following in exactly the same way to lead to the equation for f
foy = Feve@Z-0r/2

in which the factor F is not multiplied by Z. The solution again parallels the solution for
chain-branching chemistry, with F'Z replaced by F, to arrive at the matching conditions for
the outer problem, at r = R*

[(F+Z, 1 =[T1=[F]1=[Z]1=T,=0
T = 1+p~! (m ol 11y 22785 1n,3> . (16)

1
2 2

As before, the value of ¢, at r = R in these conditions, might have to be expressed as some
suitable average of £ if it changes significantly through the reaction region.

4. Leading-order reaction-sheet model

Taking 8 to be infinitely large, all of these forms of jump condition can be combined into one
form that deals with all cases. A leading-order model that treats either the chain branching or
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the fuel decomposition reaction as occurring at an infinitesimally thin reaction sheet atr = R
isnow, forr # R

T,=V’T+QZ—¢
LepF, = V’F (17)
LeyZ, =V*Z — Z.
In addition, we must have F = 0 where T > 1. The leading-order jump conditions to be
applied across the interface at r = R* become, simply

[(Fl+[Z] =[T]=[T1=[F1=[Z]=T-1=FT,=0 (13)

where, as usual, the subscript n represents the gradient of a quantity in the normal direction,
that is 9, = n - V, where 1 is a unit normal to the interface. The notation [-] denotes the jump
in the value of a quantity across the interface, being equal to the value of the content of the
square brackets on the side to which i points minus its value on the opposite side.

If the temperature T exceeds unity on one side of the reaction sheet, so that 7,, # 0, then
F must be set to zero at the reaction sheet. On the other hand, if the temperature has a local
maximum of unity at the reaction sheet, so that 7,, = 0, then the value of F need not be set to
zero. Thus, this set of conditions deals with both types of inner problem examined above, for
each type of reaction scheme, at least to leading order as 8§ — oo. The jump conditions (11)
and (13) or (15) and (16) are in fact valid to higher order in 8~! so that it would be possible to
develop more precise descriptions, offering relatively minor corrections to the leading order
description when g is large.

Apart from the condition F7, = 0, a notable feature of the leading order jump
conditions (18), as B — oo, is that they are entirely linear in F, Z, T and their normal
derivatives. The condition F'7,, = 0 is equivalent to having either F = 0 or 7,, = 0 which,
taken separately, are also linear conditions to be applied at the interface. Only one of the jump
conditions is linear and inhomogeneous, namely 7 — 1 = 0.

The remaining conditions in (18) state that the temperature, the mass fractions of fuel
and radical and the temperature gradient must all be continuous across the reaction sheet,
where the temperature also has the value T = 1. Also, the jump in the normal gradient of
the dimensionless fuel mass fraction is exactly equal and opposite to the jump in the normal
gradient of the dimensionless mass fraction of the radical. This condition amounts to the
natural requirement that the flux of fuel molecules into the interface must exactly balance the
flux of radical molecules out of the interface.

4.1. Reaction-sheet model for a spherical flame ball with linear heat loss

With spherical symmetry, the reaction sheet can be taken to lie at a radius r = R(¢) from
a centre of symmetry, at r = 0. If we also model the heat loss term such that £ = a’T,
representing heat losses that are linear in temperature, then the problem satisfies the equations
forr # R(t)
T, = (8, +2r7'9,) T+ 0Z — a’T
LepF, = (3, +2r7'0,) F (19)
LezZ = (3, +2r7'0,) Z - Z
taking F = 0 where T > 1, along with the jump conditions at r = R*
[F1+(Z]=[T]1=[T1=[FI=[Z]=T -1 =FT, =0. (20)
In the far field, as r — o0, the boundary conditions to be satisfied are
lim (T, F, Z) = (0, 1, 0). 2D
r—o0
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Several studies of flame balls using one-step kinetics have considered the relative
importance and differing effects of non-linear radiative heat losses and linear heat losses,
for example [30, 38] and [44—46]. In dimensional terms, Stefan’s law would give a rate of
heat loss that is proportional to 7* — T}, which includes a linear component of 4(7 — T())TO3
while it also has a maximum value of the order of (Ty + T;)*. If Ty ~ 1000K and T, =~ 300K,
this maximum value should therefore be roughly 30 times greater than the linear heat loss
component within the region where the absolute temperature is of the order of Tj + 7. Non-
linear radiative terms might therefore seem to be overwhelmingly stronger than their linear
component.

However, the volume of the hottest region is approximately %n R? while, if overall heat
losses are weak so that T &~ Ty + TyR/r [28], the volume of the region in which absolute
temperatures are about, say, %TO (where linear heat losses occur at a rate of about T04) is very
much larger, at the order of %n(4R T,/ To)>. Linear heat losses are of course higher than 7,
at smaller values of r, but as a rough underestimate, the full volumetric effect of these linear
‘“far field’ heat losses is therefore a factor of about five or more times greater than those of the
fully non-linear losses in the hottest region. Thus, even though temperatures are low in the far
field, the overall effect of the linear component of heat losses can significantly exceed that of
non-linear radiative losses. Moreover, these linear losses are still radiative in orgin.

A number of studies of flame balls with one-step chemistry have uncovered significant
effects that are mainly due to such linear volumetric heat losses, for example [30,39]. Strain
and shear in the flow field around a flame ball serve to draw cold gases closer to the flame ball
and to advect hot gases away from it. In a sense therefore, non-uniform flows also serve to
induce effective heat losses, in a way that increases with the size of a flame ball, and these
too have been shown to provide a stabilizing effect [34, 36,40]. Heat losses through a cold
boundary at a finite distance have the same overall effect [35]. The evidence provided by these
studies demonstrates that it is more the existence of heat losses and the way in which they vary
with the size of a flame ball, rather than the details of their cause, that stabilizes the flame ball.
Also, volumetric ‘far field’ losses, which are weak and effectively linear seem to be at least as
important as, and possibly much more important than, non-linear high-temperature losses.

As well as its being a significant and possibly dominating effect, adopting a linear heat-
loss law is also very useful in the model equations (19) because it preserves the linearity of the
problem. Indeed, with the exception of the condition F 7, = 0, which of course is equivalent
to two alternative linear conditions, the entire problem (19)—(21) then represents a linear free
boundary problem.

We shall now examine this model to determine the structure and stability of spherically
symmetric flame balls involving the chain-branching chemical scheme (2) with heat losses that
are linear in temperature.

5. Structure and stability of steady flame balls

5.1. Steady solutions
Considering only steady cases, for which 8, = 0 and R = R, the equations to be satisfied are

0= (3, +2r7'9,) T+ QZ — a’T
0= (3, +2r'9,) F (22)
0= (3, +2r'9,)Z—Z
taking F = O where T > 1, along with the jump conditions (20) and boundary conditions (21).
Solutions of these linear ordinary differential equations are not difficult to find. The solution,
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for a # 1, already satisfying the boundary conditions (21) at infinity and most of the
conditions (20), can be written as

(1-F)R ; 2
F = Fo(r) = __—r or r > R
F for r < R
- R—r P
7 Z() (1—F)/r e'h for r > R ’
= r)—=-—— —
0 1 +coth R s.1n r_ for r < R 23)
sinh R )
~ ~ _ a(R—r) D
0zy(r)  OJa (1 -F)/r |© for r> R
T =Tr) =— + — 1 sinh(ar) _
1—a?> 1-—a? 1+coth@R) | ——= for r < R.
sinh(aR)
If a = 1 then the solution for T is given by the non-singular limit as @ — 1, namely
T 1Q(1_F)/" (1—I_§cothI§+r)eR_r for r > R
= r)=-0—— 1 _ _
0 2 coth R (1+R)smhr_ rcoshr for r < R.
sinh R

In this s_olution, all of the conditions [F, ]+ [Z,] = [T,] = [T] = [F] = [Z] = 0 are satisfied
atr = R*, leaving only the conditions F'7, = 0and T — 1 = 0 to be imposed.

Since (d/dR)[(R + 1)/(1 + coth R)] i§ positive and less than unity for all R > 0, we can
note that the temperature gradient at r = R
O(1—F) ( R+1 aR+1 )

T;(R) = = a - _
R?(1 —a%*)a \ 1+cothR 1+coth(aR)

(24)
must be negative for all values of F<1,R>0 flnd a > 0, including its limitas a — 1. It
follows from the condition that F'7, = 0, at r = R, that we must have

F=0.
The only remaining condition, that T = 1 at » = R, finally gives

To(R) = —= Q2< ! _ ! _>=1
R(1 —a?) \a+acoth(aR) 1+cothR

Solutions are therefore determined by the implicit equation for a and R at fixed values of Q

_ 1 1
- ——) o5
1 —a* \a+acoth(aR) 1+cothR
We can also note, for later use, that at r = R
1

/ " ! pt+ / ! /" 2 "
[T =[Ty1=0, Fo(R™) = [Fyl = = —[Z], —[Fyl= o [Zy] (26)

and that, at any turning point, where da/ dR = 0, the relation
2a+1/R 2+1/R
a+acoth(aR) 1+cothR

27

must be satisfied.

For any fixed heat of reaction 0, the implicit equation (25) can be solved numerically to
provide the relationship between the heat-loss parameter a and the radius R of the reaction
sheet within the flame ball. As can be seen in figure 2, there are no solutions for Q < 1. For
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Figure 2. Relationship between the radius of the reaction sheet R , at which fuel is consumed in a
steady flame-ball solution, and the heat-loss parameter a, for constant values greater than unity of
the scaled heat of reaction Q. Solution profiles at the points marked by the small circles are shown
in figure 3.

larger values of Q, two branches of solution can be found. The lower branch, for any fixed
Q, begins at an adiabatic solution (@ = 0) with a finite value of R. As a is increased, the
radius R then increases gradually until a turning point is reached at a critical value a = a.(0),
satisfying (27), with no solutions being possible at larger values of a. Above this turning point,
there is a branch of solutions having a larger radius R that increases without bound as a is
decreased towards zero. If Q is increased, the turning point then occurs at larger values of a
and, at any fixed value of a, R increases on the upper branch of solutions while it decreases
on the lower branch.

The spatial variation of the fuel and radical concentrations and the temperature, at different
points along one of the solution curves, is illustrated in figure 3. In these asymptotic solutions,
the radical Z is produced at the spherical surface » = R, where temperature has the value
T =1 and the fuel F is entirely consumed. Diffusion then spreads out the distribution of the
radical which is also gradually consumed as it reacts to produce heat. The effect of heat loss is,
of course, present in all of these solutions although it becomes more obvious at points that are
further up the upper branch of solution; the top-left profile in figure 3, with the largest value
of R, has a local minimum of temperature at the centre of the flame ball. Another feature to
note is that the maximum temperature is then not much above the critical temperature 7 = 1
at which the chain branching reaction is activated.

In fact, the maximum temperature is not very much greater than the critical temperature
T = 1 in any of the solutions, even though a completely adiabatic flame ball, in which
the scaled mass fractions of both F and Z might, hypothetically, be assumed to be zero at the
origin, would have a maximum temperature of 7 = Q. For flame balls of large radius, the
maximum temperature seems to be kept close to unity because of the effect of heat losses. For
smaller flame balls, and those with a small heat-loss coefficient a, the temperature does not
approach QO because the radical concentration Z is not close to zero at the origin. Much of
the chemical enthalpy is retained in the high radical concentration and is not released through
being converted into the final products of the chemistry.
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Figure 3. Profiles of steady solutions for temperature 7 and the normalized mass fractions F and
Z of the fuel of the radical, respectively, at the points marked by the small circles in figure 2 on the
solution curve for which the heat of reaction is Q = 3.

This restriction of the maximum temperature to the neighbourhood of a value that is
generally well away from the fully reacted value of T = 0, is a feature that differs very
significantly from flame balls modelled using one-step kinetics. In effect, the condition that
T = 1 at the reaction sheet serves to anchor the maximum temperature around the value T = 1
on any branch of solution for any value of Q > 1; solutions automatically adjust themselves to
meet the condition on temperature either through incomplete chemical conversion or through
greater heat losses brought about by increasing the size of the flame ball. The numerical steady
flame ball calculations of [43], carried out using a detailed chemical model for the oxidation
of hydrogen, are entirely consistent with this observation; in [43] the maximum temperatures
on all branches of solution over a wide range of equivalence ratios were only found to vary
between about 900 and 1200 K. In this respect, the two-step model (2) produces results that
are much closer to technically accurate models for flame balls than any one-step model.

For increasing values of R, the tendency to limit the maximum temperature is made
clearer in the profiles for 7', F and Z that are shown in figure 4. As R is increased, the effect of
heat loss is more and more strongly felt, leading to a significant reduction in the temperature
inside the flame ball. At large values of R, the temperature barely rises above 7 = 1 and
the region in which the radical Z reacts to release heat occupies a relatively small portion of
the overall spatial domain; the actual values of the radical concentration Z are also then seen
to be relatively small.

As the equations (22) make clear, the radical concentration Z must decay over a range of
values of r that is of order one around = R. The profiles in figure 4 are therefore reflecting
the fact that this order one range is a relatively narrow part of the overall flame ball when R
is large. Moreover, since the solution for F in (23) shows that F, = 1/R, at r = R*, which
becomes small when R is large, the condition [ F,]+[Z,] = 0 ensures that the values of Z must
also be small, as seen in the solutions. At this stage, the solution closely resembles a solution
that would arise if there was only a one-step chemical reaction F — P with F' consumed and



13:59 26 May 2010

[ University of Southanpton] At:

Downl oaded By:

Flame balls with thermally sensitive kinetics 191

Figure 4. Profiles of steady solutions for temperature 7 and the normalized mass fractions F and
Z of fuel and radical, respectively, for increasingly large steady radii R on the solution curve for
which the heat of reaction is Q = 3.

heat released entirely within a single narrow region where 7 ~ 1. This property has been
explored further in [41] and is discussed in [42].

5.2. Comparison with numerical solutions

The solutions just described are leading order asymptotic solutions that are, strictly speaking,
only accurate in the limitas 8 — oco. Whether the main features of the solutions are maintained
for realistic values of 8 needs to be confirmed by solving the governing equations numerically.

Because the chain-branching kinetic model (2) is more realistic than the model (3) which
involves fuel decomposition, only the dimensionless equations (6) were solved numerically,
rather than the equations (14). However, one relatively minor change was introduced for
numerical convenience; the dimensionless rate constant k(7)) was altered to the smooth and
continuous function

k(T) = max {(e#T~D/% — g!=#RT+D/3)3 () (28)

which produces exactly the same asymptotic limit, as 8 — oo, but which ensures that the
chain branching reaction is completely eliminated in the cold gases at infinity. For all practical
purposes, this definition of k(7") behaves in very much the same way as does the definition
in (6), for the same values of B, as illustrated in figure 5. The effect of changing ¢, which must
lie between zero and one in value, is relatively minor wherever k(7') is of order one. As a very
robust means of testing the effect of finite Zeldovich number on flame balls, the formula (28)
is therefore convenient.

In order to solve the equations (6) numerically on a finite grid, subject to the boundary
conditions (7) at infinity, the transformation r = Stan(x/B) was used so that only a finite
domain 0 < x < %nﬁ needed to be discretized. Solutions were obtained using a standard finite
difference approach, based on evenly spaced grid points in x, with continuation implemented
using Newton iteration. A convenient way of calculating an effective steady radius R, in the
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Figure 5. Different forms for k(7'): as defined using (6) with ¢ = 0 or 1, shown by the solid curves;
and as defined in (28), shown dotted. For 8 > 10 the formula (28) is graphically indistinguishable
from (6) with ¢ = 0. In all cases, with B > 5, it can be seen that In k(7") is approximately linear
in T, with slope 8, near T = 1 where k(T') is of order one.
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Figure 6. Comparison between the asymptotic solution, as § — oo (- - - -), and numerical

solutions ( )with 8 = 5, 10, 20 and 50, for steady flame balls involving simple chain-branching
kinetics, in the case for which Q = 3. Profiles of temperature and the normalized mass fractions
of fuel and radical, on the lower branch of solutions with a = %, are shown in figure 7, and on the
upper branch with R =~ 4, in figure 8.

spirit of [51], is to use the definition
IS rPFZk(T)dr

R= "
Jo rFZk(T)dr
which identifies the value of R that has the same effect outside the region of reaction, for a
distributed reaction, as does a reaction that is concentrated on a thin sheet at r = R.
Comparisons between the effective steady radii R, calculated for some finite values of S,
and the results as § — oo, are presented in figure 6, for a flame ball in which the heat of
reaction is set to the representative value of Q=3 ltis interesting to note that, while the
calculated values of R approach their asymptotic limit as § is increased, they do not do so
monotonically. In fact, at 8 = 5 the values of R are closer to the asymptotic limit on the
upper branch than they are for 8 = 50. More importantly perhaps, from the point of view of
good modelling, the general qualitative character of the asymptotic solution is retained fully
at entirely realistic values of the Zeldovich number S. This suggests that the asymptotic form
of the model, as § — 00, can be used with relative confidence, even knowing that realistic
values of 8 might not be much larger than about g ~ 5.



13:59 26 May 2010

[ University of Southanpton] At:

Downl oaded By:

Flame balls with thermally sensitive kinetics 193

Figure 7. Profiles of steady solutions for temperature 7 and the normalized mass fractions of fuel
F and radical Z, calculated with Q = 3 for different values of the Zeldovich number 8 on the
lower branch of solutions where a = %. Dotted lines show the asymptotic solution as 8 — oo

and the dashed lines mark the effective radius R of a concentrated region of chain-branching
reaction.

On the lower branch of solution, where the heat loss parameter has the value a = %,
figure 7 demonstrates how the numerically calculated values of 7', F and Z vary with r, for
each of the values of 8 used in plotting figure 6. These can be compared with the dotted
lines which show the asymptotic limit as 8 — oo (also seen in the lower-left diagram in
figure 3). The comparison is good at the larger values of § and it improves, as it should
do, as 8 increases. At the lower values of § the thickness of the region of chain-branching
reaction, which consumes the fuel F, increases, so that at 8 = 10 and 5, there are significant
concentrations of fuel at the origin. Nevertheless it can be noted that, in moving away from the
flame ball, the comparisons remain good in all cases at larger values of r. In spite of the chain-
branching reaction becoming more distributed, its overall effect therefore remains very much
the same.

In the case of the upper branch of solution, figure 8 presents numerically calculated
variations of T, F and Z, for the same four values of 8. In each case, the value of a was
chosen so that R ~ 4. These solutions can be compared with the dotted lines which present the
asymptotic limit as § — oo (also seen in the upper-left diagram in figure 4). Once again the
comparison is good at the larger values of B, as it should be. Atlower values of B the thickness
of the region of chain-branching reaction can be seen to increase but because the effective radius
R is larger on the upper branch, fuel concentrations now tend to remain low at the origin. In
all cases, the comparisons remain good at larger values of r so that, once again, the overall
effect of the chain-branching reaction is largely unaltered by changing the value of §.

These numerical results show that the overall nature of the solutions at relatively low values
of B is captured very well by the asymptotic solutions found as 8 — oo. The comparison is
better on the upper branch of solutions which, as we shall now demonstrate, is the branch on
which stable flame balls can arise. Numerical studies of the linear stability of these flame-ball
solutions were not carried out.
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Figure 8. Profiles of steady solutions for temperature 7 and the normalized mass fractions of fuel
F and radical Z, calculated with Q = 3 for different values of the Zeldovich number S, on the
upper branch of solutions, with values of a chosen so that the effective radius of a concentrated
region of chain-branching reaction, marked by the dashed lines, lies at R ~ 4. Dotted lines give
the asymptotic solution as 8 — oo.

5.3. Linear stability with spherical symmetry

If perturbations from the steady solutions are written in the form of normal modes with growth
rate A

R=R+e" F=Fyr)+e"F(r)
Z=2Zo(r)+eZi(r) T =Ty(r)+eMT(r)

the linearized equations to be satisfied by the eigenfunctions F;, Z; and T; are found to be
0=T1/+2r"'T) — A +a®)T, + 0Z,
0= F/+2r 'F| — ALegpF, (29)
0=2+2r"'Z, — (\Lez + 1)Z;.

For 7 < R there is no fuel at all, so that F; = 0. Applying the jump conditions at r = R+e™,

to Taylor expansions of 7', F' and Z about the point » = R, shows that the conditions to be
satisfied at » = R¥ are

[Fy+ F1+[Z0+Z\1=Ty+T1 =0
[Ty +T\1=[Ty+ Tl = [Fy+ Fil = [Z{+ Z\1 = Fy+ F; = 0.

Making use of equation (24), with F =0, and the relations (26) these conditions become

_ 1
[(F1+[Z]]=[T]]1=[T1] =0, FI(R+)=[F1]=_[ZI]=_E
T,(R):-z 0 ( R+1__ R+1/a_>_
R?@? —1) \1+cothR 1+coth(aR)

The solution of equations (29) can be expressed most simply through defining

w?=a’+x, v2 = ALep, 82 =1+ ALey. (30)
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Solutions satisfying Fi(R*) = [F|] = —[Z;] = —1/R and [F{1+[Z|]1 = [T]1 = [T1] = 0
can then be written as

1 _eV(R-n) for r > R
F] = — X -
r 0 for r < R
8 +coth(SR) ,» _
W+C—()(_)65(R”) for r > R
z 1 1 + coth(8R)
==X .
r v/§ —1 sinh(dr) _
— — = for r < R
1 + coth(8R) sinh(8R)
Q —V/IM hl C(:h(l;R) g H(R=) for r > R
(W2 =T = 07, — = x { 1T eothuR)
r v/u—1 sinh(ur) _
for r < R.

1 + coth(R) sinh(R)

The remaining condition, fixing the value of 7} at r = R, finally provides the dispersion
relation

1 < R+1/a R+1 )_ R < v/ —1 v/§—1 ) a1
1 —a? \1+coth(@aR) 1+cothR/) 82— u® \1+coth(uR) 1+coth(SR)
the solutions of which provide the spectrum of possible growth-rates. For stability, the real
part of all roots A must be negative.
In the case for which A = 0 (a neutrally stable real eigenvalue) the dispersion relation
reduces to the form
2a+1/R 2+1/R
a+acoth(aR) 1+cothR

a result that is independent of the Lewis numbers and that corresponds exactly to the turning
point or fold-bifurcation path (27) on which da/dR = 0. This makes it clear that one root is
exactly zero at the turning point.

In order to understand the behaviour of other roots, at least qualitatively, it is useful to
firstly consider only roots that are small in magnitude. Noting from (30) that v involves the
square root of A, it is simplest to define A = @2 and to consider the limit in which |z | is small.
Expanding the dispersion relation (31) up to quadratic powers of & then leads to

Aw? — Bw +C = O(z?) (32)

with the coefficients

c_ 0] ( 2a+1/R 2+1/1§)
"~ 1—a? \a+acoth(aR) 1+cothR

OLe;/? 1 1 _

p = 2o < _ ) =Lel’R (33)
1—a? \a+acoth(@aR) 1+cothR
Lez—1 DR [Lez(1—cothR)  1—coth(aR

o4 - ez (1+C)+ [0) <ez( coth ) coth(a _)>'
1 —a? 1—a? 1+coth R a+a coth(aR)

It can immediately be noted from (27) that C is zero at the turning point. Closer inspection
reveals that it is positive on the upper branch of solutions and negative on the lower branch.
Figure 9 also shows that the values of C remain bounded between about —1 and 1 over the
entire range of solutions for any fixed value of the heat of reaction Q. Both A and B are positive
quantities, at least near the turning point, with B depending on the Lewis number of fuel Leg
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Figure 9. Upper figure: the relationship between the heat-loss coefficient a and the parameter C at
a number of fixed values of the heat of reaction Q. Lower figure: corresponding solution paths in
the space of a and R for the same fixed values of the heat of reaction. These figures demonstrate
that C remains fairly small over a significant portion of each solution around its turning point.

(since it is simply given by B = Leé/ 2R) and with A depending, in a more complicated way,

on the Lewis number of the radical Le;.

If A is written in the form

A=3Ag+3ALes

the coefficients Ay and A, the expressions for which are contained in equations (33), are
independent of the Lewis numbers and figure 10 shows that A| remains positive and order one
over a wide range of values of Q at the turning point C = 0. The value of A grows without
bound as Q decreases towards unity while it decreases steadily as Q increases. Both Ag and
A, are positive order one quantities at the turning point for order one values of Q that are not
close to unity. It can be seen from figure 11 that negative values of Ay and A; can arise at
non-zero values of C for large enough values of 0. In particular, Ay becomes negative over
a range of positive values of C when Q is about five or larger and A becomes negative over
an increasingly large range of negative values of C as Q increases above about two. For large
enough values of Q and/or Lez, the value of A can therefore become negative, although it is
always positive near C = 0. While B is always positive, its value can be made arbitrarily
small by decreasing the value of Leg.

Truncated at quadratic orders, the dispersion relation (32) has the roots

B ++/B?—-4AC
2A '

w
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Figure 10. Dependence of the quantities Ag and A1 on the heat of reaction Q, evaluated at the
turning point C = 0. The values of Ap, A; and C are instrumental in solving the dispersion relation
(31) for small growth rates A.

Yo

o= =
o= =

Figure 11. Variations of Ao (upper diagram) and A; (lower diagram) with C at fixed values of the
heat of reaction Q.

Stability requires that Re A = Re ? < 0 or, equivalently, that Im zr | > |Re & |. The criterion
for stability, with |A| small, is therefore

C
2AC > B? or Ler < (Ao + AlLeZ)E. (34)

This makes it clear that the flame ball is, in fact, unstable at the turning point, where C = 0;
although one eigenvalue is zero there is another unstable real eigenvalue. Moreover, provided
Ao+ A Ley is positive, eigenvalues are found to be stable for small enough values of the Lewis
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AoC/R?

Figure 12. Variations of AoC/ R? (upper diagram) and A;C/ R? (lower diagram) with C at fixed
values of the heat of reaction Q.

number Leg on the upper branch where C is positive. Also, if Ag+ A;Lez is negative and C is
negative, then stability can again arise for small enough values of Leg.

A convenient way of examining the dependence of stability on Ler and Lez is provided
by examining the values of AoC/R? and A;C/R>. According to (34) the value of Ler must
be less than the former plus Ley times the latter. As seen in figure 12, the largest values of
Ler for stability are determined by a combination of trends, with the contribution from Ay
decreasing and that from A; increasing as Q increases. At any negative value of C, it can be
seen that AgC/R? is very much more negative than A;C/R? is positive so that unrealistically
large values of Lez would be required to bring about stability on the lower branch of solutions.

At the point where the flame ball becomes stable, A has two purely imaginary roots,
indicating that the instability has an oscillatory character near the point of marginal stability.
The real roots found at C = 0 must therefore collide to form a complex conjugate pair, as C
changes, before the real part of A becomes negative.

This analysis, based on equations (32) and (33), depends on assuming that all eigenvalues
A are small. However it is, at least, consistent for them to be small if C is small, as it is near the
turning point, once small enough values of Ler are also chosen to ensure stability; under
these conditions, the values of A are of the order of C/A. It can also be noted from figure 9 that
the values of C are reasonably small over a significant range of values of R around the turning
point. The argument does therefore provide a consistent demonstration that stable flame balls
can exist if Lep is small enough. Particularly when A is large and positive, as it clearly is for
order one values of Lez, if O is not larger than about three, formula (34) offers a reasonable
qualitative and quantitative explanation for the stability of the flame ball for small eigenvalues.
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If the radical Lewis number Lez has a realistic order-one value, it then makes it clear that
stability only arises on part of the upper branch for small enough fuel Lewis numbers Leg.

The possibility of having large unstable values of A can be examined using the asymptotic
relation

_ —1
1 — a2 2= O(@™)

C ) 2Le£/ 2
1+Le,

(2w3LeZ +(1+ aLeZ)zzr) (é +

which is valid, as || — oo, provided @ has a large real part, taken to be positive without
loss of generality, as it must be for instability. It is readily seen that the only large root is

(o)
w ~1 §a+—
Lez

arising for Lez < 1. However, being imaginary to leading order, this root represents stability.
Thus there are no large unstable eigenvalues.

In order to complete the picture, for order one and for small eigenvalues, the full dispersion
relation (31) can be studied numerically. This was done by searching for all eigenvalues with
positive or order one real part over a wide range of conditions. The typical pattern that is found
for stability is illustrated in figure 13 in the case for which Lez = 1. For small enough values
of Leg a region of stability is found on the upper branch of the solution curves with a small
enough heat of reaction Q. As the fuel Lewis number Leg is decreased, the region of stability
increases. And, as the heat of reaction is increased, the region of stability decreases. This
picture is consistent with the findings of the more approximate analysis based on equations (32)
and (33).

It is worth noting that stability analyses for one-step chemistry [29,30,38] also show that
flame balls are stable to radially symmetric disturbances on their upper branch of solution, for

Ler = 0.5
T 043
R \
A LeZ:1
unstable
D~ -, 03
o 04
4 - L - - = -
I = I — I - L] >a
0.2 0.6

Figure 13. Stability of the flame-ball solutions. The solid curves are the paths at which steady radii
R are found as a function of the heat-loss coefficient . The dashed curves mark the boundaries
for marginal stability at three different Lewis numbers of the fuel Leg, with the Lewis number of
the radicals Lez set to unity. Between these curves, on the upper branches of solution, stable flame
balls arise at low enough values of Ler.
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fuel Lewis numbers that are below unity. However, there are also significant differences that
arise for the model with chain-branching chemistry.

With one-step chemistry, part of the upper branch is always stable for any Ler < 1.
Moreover, for radially symmetric disturbances, this stability extends to all radii larger than a
threshold radius that approaches the turning point as Ler — 0. However, for a given heat-
release parameter Q > 1, stability only arises for the chain-branching model at fuel Lewis
numbers that are below a threshold value that changes with O and Ley. This range of stability
initially only occupies a finite range of the upper branch of solutions and does not generally
extend to all larger radii. As Ler decreases further, the lower end of the range of stability
approaches the turning point, as it does with one-step chemistry, and the upper end of the
range of stability increases. Especially at lower values of Q, the numerical and approximate
solutions of the dispersion relations (31) are not conclusive in establishing whether or not this
range extends to all radii greater than the lower threshold for small enough values of Leg.

6. Conclusions

The use of a simple kinetic model, that involves only one thermally-sensitive autocatalytic
chain-branching reaction that converts a fuel into radicals, which then release heat in a
thermally-insensitive completion reaction, provides a self-consistent description of flame
balls. Asymptotic solutions, based on allowing the activation temperature of the branching
reaction to approach infinity, have the same overall qualitative character as solutions calculated
numerically at finite and realistically low activation temperatures.

A slightly different model in which the fuel decomposes directly to produce the radical has
exactly the same form of asymptotic solution as is found with the chain-branching reaction.
Even though fuel decomposition reactions are actually negligible in hydrocarbon flames, this
finding is significant. It indicates that the details of the processes that generate radicals are not
as important as the simple fact that radicals are generated. Indeed, because numerical solutions
preserve the same overall character when the Zeldovich number of the branching reaction is as
low as five, the production of radicals only needs to occur in a moderately thermally-sensitive
way in order to have qualitatively the same overall effect—even the quantative differences are
found to remain relatively small.

Once produced, the role of the radicals is twofold. They act as a reservoir of chemical
enthalpy so that the removal of fuel from the system is not translated directly into heat, as it
is in any one-step chemical model. Also, because radicals are destroyed by the completion
reaction to form products and heat, more slowly than they are created in the branching reaction,
they have time to diffuse away from the relatively thin region within which they are created.
As a result, heat is generated in a broader region within any flame. Another feature of the
simple autocatalytic chain-branching model (2) for radical production, in which there is no
decomposition mechanism for producing radicals, is that the reactant F remains stable at
temperatures below the crossover temperature. There is therefore no cold boundary difficulty
if the unburnt conditions are below this temperature.

The role of chemical radicals has not been exploited much in the study of flames from
a mathematical and asymptotic perspective [6]. Using a one-step model for the chemistry,
asymptotic studies have made great strides in examining many kinds of combustion phenomena.
This article shows that relatively straightforward, and arguably more realistic, solutions can be
obtained using the two-step models (2) and (3). At infinite Zeldovich numbers these provide
a simple asymptotic reduction to a flame-sheet model at which the essentially linear jump
conditions (18) apply. Resulting solutions are algebraically more complicated than their one-
step counterparts, because radical concentrations have to be described in addition to fuel and
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temperature, but they are nevertheless accessible to mathematical investigation in studying
premixed flames.

In the case of flame balls, the overall bifurcation character and the appearance of stable
structures on the branch of solutions with larger radius are broadly similar in nature to the
analogous results found for one-step chemistry with infinite activation temperature [27-38],
with some notable differences. It is found that stable flame balls arise, as an oscillatory form
of instability becomes stable, if the Lewis number of the fuel species is made low enough.
However stability first appears at Lewis numbers of the fuel that are below a threshold value
which depends on the reactant concentration at infinity and the Lewis number of the radical,
rather than simply being less than unity. Also, at least near the threshold Lewis number, the
range of stability is finite on the branch of larger flame-ball solutions, increasing in size as the
Lewis number of fuel is decreased.

The solutions themselves are also found to involve maximum temperatures that remain
fairly close to the crossover temperature for hydrocarbon chemistry, rather than the adiabatic
flame-ball temperature. Technically accurate numerical calculations of hydrogen-oxygen
flame balls [43] also behave in this way, suggesting that the model with chain branching
offers a closer representation of the real problem. This feature of the solutions arises through
a combination of heat-loss effects and the fact that much of the chemical enthalpy can remain
absorbed within a non-zero concentration of radicals, rather than being converted directly from
fuel into heat, as the one-step model demands.

The model with chain branching can also be used to model planar premixed flames, as
was first demonstrated by Zeldovich [14] for adiabatic flames with unit Lewis numbers. In
more general situations, solutions are broadly analogous in their structure and dependence of
propagation speed on heat loss, to solutions modelled using one-step chemistry [41], although
there are some notable differences. There are still two propagation speeds for any small enough
heat loss, with the slower speed always being unstable, but solutions based on the chain-
branching model do not display the extreme sensitivity to maximum flame temperature that
one-step models automatically involve at large activation temperature. Interestingly, another
difference arises in that, while the leading order dimensional flame speed does depend on
the Lewis number of radicals Lez, it is not found to depend on the Lewis number of the
fuel Leg [41].

Stability results for planar non-adiabatic premixed flames, based on the leading order
model (17) and (18), have also now been calculated [52]. These are found to generate a
cellular form of instability at fuel Lewis numbers that are sufficiently reduced below unity.
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