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A skeletal chemical-kinetic mechanism for heptane cool @aia simplified to the maximum extent pos-
sible by introduction of steady-state approximations mbeimediaries, following procedures employed
previously. A pair of ordinary differential equations inxtire-fraction space is thereby obtained, de-
scribing the quasi-steady structures of the temperatutehaptylketohydroperoxide (KET) fields. Ap-
plication of activation-energy asymptotics for the pastiarning regime to this pair of equations is
shown to provide convenient expressions for flame strustanel extinction. With the mixture-fraction
co-ordinate related to radius, these results are used tessldroplet-combustion experiments that have
been performed in the International Space Station (ISS)plet diameters at extinction are predicted
as a function of the oxygen concentration in the atmosplaere compared with measurements. While
the results are encouraging, there are noticeable diffesethat point to deficiencies in the analysis
resulting from oversimplifications. Further investigatitherefore is recommended.

2 Introduction

Premixed combustion processes of normal alkanes (excepiameand ethane) are known to exhibit
unique characteristics that depend on the initial tempegatnd pressure of the combustible mixtite [1].
Autoignition of these alkanes involves a different cheridgaetic mechanisms at high and low temper-
atures, and there is a temperature range in between, théveegenperature-coefficient (NTC) range,
over which ignition occurs in two stages and the total igmitdelay time tends to decrease with in-
creasing temperaturel[1]. In homogeneous mixtures, gahsbol-flame phenomena also are observed
over this intermediate temperature range, leading to tleena@tal mechanism being characterized as
cool-flame chemistry. Until recently, such phenomena hatéaen associated with diffusion flames,
although cool-flame chemistry had been found to be of signifie in autoignition of alkane droplets in
heated atmospherées [2]. Experiments performed at thenattenal Space Station (ISS), however, re-
vealed instances of two-stage alkane droplet combustiarich a hot-flame stage, after extinguishing
through a radiant-heat-loss mechanism, was followed byaaiegieady stage of combustion sustained by
cool-flame chemistry [3]. The present contribution is anital investigation addressing the objective
of advancing understanding of quasi-steady cool diffugi@mes, which occur in this NTC region! [4].
Previous work has shown how asymptotic analyses can beedpilia shorh-heptane mechanism to
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explain the NTC behaviof [5]. The chemical-kinetic devetmmts employed in this previous study are
applied here to describe quasi-steady droplet burning =iigcéon. Use will be made of our previous
formulation [4] and of results obtained in that study. Intmadar, based on the chemistry and stoi-
chiometry obtained there, the partial-burning regime ef ¢tassical investigation of Lifiah![6] will be
adopted here, as the closest approximation of the four esgidentified in that classical paper.

3 The Chemistry

The starting point for describing the chemistry is the mesent skeletal mechanisinl [4]. The heptyl
radical, one of many intermediate species that obeys wedlaalg-state approximation, can decompose,
unimolecularly in a reasonable first approximation, as gslduring the high-temperature chemistry,
or it can undergo the bimolecular addition of an oxygen mdkcwhich initiates the path to the low-
temperature chemistry. The fraction of the radical conslibyethe second of these processes determines
the fraction of the chemistry that proceeds by the low-tarpee path. If the total unimolecular rate
constant for heptyl consumption is denoted4gnd the total bimolecular rate constant is denotedby
then the fraction following the low-temperature pathvis= B[O2]/ (A + B[O3]), where[O2] denotes

the oxygen concentration.

The NTC region is the only region in which the cool diffusioarfie is stable J4], and this occurs in a
close vicinity ofa = 1/2, which is satisfied at a temperatufeequal to7'™*, defined as the temperature at
which A = B[O,]. SinceA increases rapidly witf’, while B depends only weakly on temperatuce,
increases strongly @ decreases, as it must, to describe properly the transitbom fiigh-temperature to
low-temperature chemistry. An expansioncofbout? = 7™ [5] is central to an analytical description
of the NTC chemistry. In an Arrhenius approximation for taéa A/ B with an activation temperature
for this ratio of7,=14,400 K, this expansion is = 1/2 — (T' — T*) T,/ (4T*?).

Heptylketohydroperoxide, denoted &s£T in [B] and simply askK hereafter is the key intermediate
species in the NTC region. It is the unimolecular decompmsivf A that ultimately leads to the chain
branching which carries the chemistry of the low-tempemfpath, in contrast to the hydroperoxyl
production associated with heptyl decomposition, whiahies the chemistry in the high-temperature
autoignition path[[il]. The NTC chemistry transpires to progl an autocatalytic net rate of production
of K for o < 1/2 and a net rate of consumption &f for & > 1/2. The dominant chemistry in the
center of the NTC region can then be expressed in terms of maolet rate of production of given

by (2a — 1) w, with w = [K|Cexp (—Tx/T)/ (1 — o), whereC' is a constant unimolecular prefactor,
and Tk is the associated activation temperature. These rate ptgesrare, in fact, the rate parameters
for the unimolecular decomposition &f, so that[[5],C = 8.4x 10" s~! andTx = 21,650 K.

The energetics associated with this autocatalytic ratereliing step lead to an expression for the rate
of increase of temperature, correspondingly obtained #op(44) of [5], given by Q/cp) (o — 0.2) w,
wherec, is the specific heat at constant pressure (to be assumeaotnsind) is a constant deter-
mining the ultimate net heat release associated with thendgasition reaction of<.

4 Formulation

Following our previous work[[4], the problem is formulatethgloying as the independent variable
the mixture fractionZ, having the value 0 in the ambient gas, where conditionsdmemtified by the
subscript 0 and unity in the interior of the liquid, where ditions are identified by the subscript 1. The
strain ratey = 2D(dZ/dr)? then appears in the conservation equations, whedenoted the thermal
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diffusivity andr the radial co-ordinate. In terms of the mass fraction of gsefe, Y = [K|Wk /p and
the non-dimensional temperatute= ¢, 7Wx /Q, wherelVk denotes the molecular weight &f andp
the density, the equations for conservationsoind of energy become, respectively,

2
(1-a) %‘C% = — (2a — 1) Y Cexp (— Tk /T) )

and 2
(1-a) %ﬁ = — (o — 0.2) YCexp (—Tx /T), @)

with the boundary conditiony = 0atZ = 0andalsoaZ = 1,6 = 6y at Z = 0, andd = 6, at

Z = 1. Herefy = ¢,TyWk/Q andb; = ¢, T1Wx/Q, whereT is the temperature of the oxidizing
atmosphere, and; = 189K is the effective temperature of the fuel droplet, as modifag properly
taking into account the heat of vaporization in the energyseovation[[4]. In view of other anticipated
inaccuracies, the Lewis number &f has been set equal to unity here for simplicity. These eousiti
apply only forZ < Zp, its value at the liquid surface, the boundary conditior¥at 1 having been
obtained by employing the interface energy conservatiorition. The source term strictly vanishes
over the small range’;, < Z < 1, and in the asymptotic analysis it is negligibly small evengre
except near the flame, locatedat= 7,,, a value that turns out to be slightly less than 1/2 and thesef
is consistent with these approximations.

5 Outer Solutions

In the partial-burning regime [6], the chemistry is nedligislow except in the vicinity of the reaction
zone of the flame, located at = Z,, in this outer variable, where the temperature in the first@app
imation isT = Ty, the highest temperature anywhere in the flow field. Actiratnergy asymptotics
(AEA) are applied with the small parameter

€ = TbQZb/ [TK (Tb — TQ)] (3)

In addition to [1) and{2), equations for the conservatiofuef and oxygen are also needed, but for the
partial-burning regime, in which both of these reactan#k ldfrough the flame, they do not appear in
the flame-structure analysis [6]. For this regime, they isgpihe conditions that, for the outer structure,
at Z = 7, the magnitudes of the temperature gradients must be the @arheth sides of the flame,
that is,|dT'/dZ| is the same, but beyond that they do not enter into the asalyhis equality of slopes
is dictated by the form taken by the reaction-rate functiothe inner region.

In the outer zones, where the chemistry is negligible, thetisms to [1) and[(2) are linear, so that
Y =W (Z/%,), T=To+ (Tv, — Tv) (Z/ %), for Z < Zy, 4
and
Y=W1-2)/01-2)], T=T1+(T,—-T)[1-2)/(1-2,)], for Z>Z,, (5)

whereYy}, is the first approximation t&” at 7 = Z,. The condition of equal magnitudes of slopes of the
temperature on the two sides of the reaction zone providetanship betweeff}, and Z;,, namely,

Tb:T0+(T0—T1)Zb/(1—2Zb). (6)

In the present application, sin@g— 1 is positive, the requirement th@g > 7° implies thatZ,, < 1/2.
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6 Inner Equations

The independent variable in the reaction region is thectteet mixture fraction

§=(Z2—2) /¢ ()

The dependent variabl@sandd are correspondingly expanded about their outer-zone saltie = 7,
as
Y=Y1-ey), 0=0,—cp(p—0)/%, (8)

the negative signs having been selected so that the fusafi@) andy () will be positive, reflecting
the fact thaty” andT" will be less thanY;, and T;,, respectively, in the reaction zone. Equatibh (8)
represents the first term in the expansion of the solutionoiwgps ofe in the reaction zone. The
boundary conditions that are to be applied fapproachingx or —oo are that the slopes of the inner
solutions must match the slopes of the outer solutions. Xparesions off{ll) and12) in the inner zone
to leading order irk result in the differential equations

d*y/d&® = (2o — 1) A (), — 0p) exp (—¢)/ (0.3Y3,Z3) 9)
and
d*p/dE* = Aexp (—¢), (10)
where
A = (1.2/xv) €[Zn/ (B — 00)] Yi,.Cexp (— Tk /Ts,), (11)

anda has been set equal 1g2 in the first approximation. The difference from the classfhenius
problem is that the eigenvaluein (IJ) depends oii},, as seen i (11), thereby necessitating consider-
ation of [9), with an expansion ef abouta = 1/2, to finally determine the value &f,. The profile of
speciesK in the reaction zone thus must be addressed, using the mgtobinditions

dp/d§ —+1as€ — oo (12)
dy/dé —1/Zyas€ — o0, dy/d§— — 1/ (1 — Zy) as& — —o0,
the last of which approaches the symmetric conditityyd¢| = 2 only asZ;, approaches /2.
In the stretched inner variables, the expansion abouta = 1/2 gives, to leading order in,
T, (Tb - T*) Tk
20— 1 = - 13
a T |¥ T ) (13)

where it has been assumed tligtand T are of the same order of magnitude and tt¥at— 7*) /T*
is of ordere. Introducing the parameters
o TanWK (T* — T(]) b o (Tb — T*) TK
N 0.6YbTKQZb ’ N j“'k2 ’

(14)

both being taken to be of order unity, then convdrts (9) to

d*y/de* = al (¢ — b)exp (—¢), (15)

so that[(1D) and (15), with the conditioris{12), provideeatling order, the inner problem that must be
solved.
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7 Inner Solutions

Equation[(ID) and its associated matching conditions cauteessed first, independently [ofl(15), since
y does not appear there. The resulting problem, which isiickdritb that of the partial-burning regime
[6], results in a symmetric function(¢), having a minimum value,, = In4, with the eigenvalue
A = 2, the use of which in{11) serves to relatgto Z;, through [6). Equatiorf (15) and its associated
matching conditions then finally will serve to determine Yadue of Z,, for a given strain rate,.

The formulation forI" is more accurate than that f&rin that, while the expansion @f in (8) is reason-
ably well satisfied, that of is not, since the value af varies over a factor of 4 in the reaction zone [4].
This variation clearly will introduce inaccuracies [n [18)d therefore in the resulting solution fer
Even larger inaccuracies may be expected in the solutiod®)ffor . In view of this situation, rela-
tively little additional inaccuracy may be expected to @rfiom introducing an explicit approximation
for (&) into (18), to avoid the necessity of numerical integratidhe value ofx typically is sufficiently
large that changes imoccur mainly in the region whereis close to its minimum value. The expansion
of  abouty,,, namelyy = o, + £2/4, therefore is introduced int6 (IL5), to enable the integrato be
performed analytically. Application of the matching caimtis then results in

a =2, (1= Zy) (4)m +1Ind —b). (16)
Equation [[I6) provides an expression f@rin that, use of the definitions, with = 2, results in
_ LT
aTi (T, — To)
Equations[(14) and (16) imply thdt, < Ty, where
T =T"[1+ (4/V/7 +1Ind) T*/Tk]| (18)

denotes the maximum value f, consistent withy;, > 0, through terms of order. If (B) and [16) are
employed to eliminateZ;, from (17) in favor ofTy,, then it is found that
_ VALG (T — T) (T — To) (T — Th)

Tx [2Ty — (To + 1)) T*?

which shows thaj;, = 0 atT}, = Ty and atTy, = T;,, while x;, > 0 for T}, in the rangely < T}, <
Tw. The value ofy; achieves its critical maximum valug,. at 7}, = T, the value ofT}, at which
dxp/dTy, = 0in this range. Differentiation then shows that, througtt firsler in the small parametey

Te=T"[1+ (4/Vm+Ind—1)T*/Tk]| (20)

Xb Cexp (—TK/Tb). (17)

Xb Cexp (—TK/Tb) (19)

and
_ T,7*° (" = Th) (T* - T)
Xe = 4v/Texp (4/\/7_T - 1) T2 [27* — (Ty + T1)]3

The maximum value of, given by [21), implies a minimum value of the droplet diaend#] which
can be compared with experiment.

Cexp (—Tx /T*). (21)

8 Results

It has be shown i |4] the extinction diameter of the dropfetis given by

2 _ 8Dy, [In(1 = Z))" (1~ Z)*

(de) (Lt B

(22)
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Table 1: Comparison of measured and predicted values aofatixin diametersgl,

Case| pressureg O, B T | xe st | do (mm) | d. (mm)
# (atm) | Vol % K predicted| measured
1 1 0.21 | 4.48| 808 | 213 0.238 0.91
2 1 0.18 | 3.51|803| 179 0.29 1.6
3 0.7 0.19 | 343|794 | 131 0.345 2.3

Here Dy, = 1.128x 10~*m?/s is the coefficient of diffusion, an® is the transfer number. Table 1
shows comparison of predictions with measurements repantf3] In view of the aforementioned in-
accuracies, numerical comparisons of extinction diarsedghibit significant discrepancies. Besides
aforementioned effects,other processes beyond thosgzadahere affect the extinction condition sig-
nificantly. In particular, steady state of the first @ddition to the alkali radical has been assumed to be
in partial equilibrium in developing the analysis [5], batthough the species formed by this addition,
generally termed Rg) is known to be in steady state at the higher temperaturdseiwitinity of 7,
over which [IB) applies, it is violated at the extinctionmipiwhich occurs at the lowest temperature at
which the cool-flame chemistry can support a staticallylstdiffusion flame. That is, the extinction
condition definingd. occurs at the lowest temperature of the NTC range, whergf®@ation is pro-
ceeding at a finite rate. It therefore would be desirable terekthe present analysis, to include that
finite-rate steps, for better comparison with the experialetiata ond.. Since the rate of that step is
proportional to [Q], the resulting predicted dependencedpfon [O;] may be expected to be stronger
than that obtained from the present theory. In other wotdsfdct that the rate of the RG@ormation
step is proportional to [¢} may lead to a prediction thai. is inversely proportional to [¢] if that
formation step is controlling.
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