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1 Introduction

The present work is a continuation of a previousiy{1] in which it was found that the rich premike
laminar spray flame propagates in a steady manmmer depending on the operating conditions, the
reaction fronts are eventually either plane or ednBefore a flame reaches its final steady state i
velocity was found to oscillate around a certairsifiee mean value. However, values of the
evaporation Damkéhler number examined in [1] wergtricted to the rangé = 2+ 50 for which
there is little direct interaction between the exation and the reaction front (see Fig. 1b). Oae c
see that for A > 2 the fuel completely evaporates ahead of the m@aabne. In this situation, it is

natural, that the width of the evaporation zonesdwos impact significantly on the combustion.
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Figure 1. Concentration of the liquid fuel fraction (bdide) and reaction rate (thin line) for different
evaporation Damkohler numbera:= 0.1(a) and A = 2(b).

In contrast, in the present research we focus caygpe-mixtures withA significantly smaller than 2
for which droplets are traversed by the reactionezand continue to evaporate in the oxygen-free
region behind it (see Fig. 1a).

2. Description of Model

A conventional constant density reaction-diffusiorodel is adopted. The chemical kinetics is
described using a single-step irreversible exothereaction. For the off-stoichiometric fuel-richse
this implies that a conservation equation need tel\solved for the deficient reactant, the oxidant.
The spray of evaporating droplets is modeled ughng sectional approach [2] and under the
assumption that the liquid fuel mass fraction isrftypically of the order ofl0?, at most). For the
sake of simplicity the mono-sectional case is aargid here.

In appropriately chosen units the correspondingo$etquations for the temperature, oxidant mass
fraction and fuel liquid mass fraction reads
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T, =VT+(1-0)2-4S HT-T) (1)
C =Le'ViC-02 (2)
(C)=—S H(T-T)=-4G HT-]) (3)
l 2N 2 1 1
.QzE(l—a) N?Le Cex;{ N( 1—;)} (4)

In these equatiorig is the non-dimensional temperature in unitslpt=T; + QC, /¢, the adiabatic
temperature of combustion products in the pure@aseaseC andCy are the scaled concentrations
of the oxidant mass fraction and fuel liquid masgtion in units ofC, - oxidizer concentration in the
fresh mixture. In the fresh premixtur€ = C,; C, = G,,; X Yy are the non-dimensional spatial
coordinates in units df, =D, /U, the thermal width of the flamd),, is the thermal diffusivity of
the mixture,U, is the burning velocity of a planar adiabatic feain the pure gaseous caég,, =0,

t is the non-dimensional time in units kf/U,, o =T,/T, with T, the fresh mixture temperature,
N =T, /T, is the non-dimensional activation energy dnds the activation temperatur&, =T, / T,
wherel, is the boiling temperature of the fuéle= D, / D is the Lewis numbeD is the molecular

diffusivity of the oxygeng, is the specific heat2(C, T) is the appropriately normalized reaction rate
to ensure that at larde the non-dimensional speed of a steadily propagatianar adiabatic flame is

close to unity in the pure gaseous mixtu&e,:(Dth/Ulf)é is the vaporization Damkohler number

and é is the sectional vaporization coefficient andafiy, £ is the nondimensional latent heat of

vaporization of the droplets in the spray.
Equations (1)-(3) are to be solved in the two-disiemal region,0< X< d and — «c< y <oc subject

to the boundary conditions,
T.=C,=0 at x=0,d (5)
The flame is assumed to propagate upwards. Helneegppropriate boundary conditions \at + oc
are
T=0, C=G, G=G, as y>+o T, =C =0 as y— —oc (6)
Initial conditions contain a small temperature pdyation,
T=0, C=G, Go=G, at y>0
T=1+0.01x-d /2),C= 0,G =0 at y< O (7)
The problem (1)-(7) is solved foN =10, Le=0.85; ¢=0.127, d=100; A=01+05,
T =0.169, #=0.041, C,,=C,=1.

3 Results
The main results obtained from the numerical situta are shown on Fig. 2 where the flame front

amplitude, s = (r)naé(y(x)— 0mi[jl y(X),where y(X) is the flame frontis plotted as a function of time.

One can see that there is a rangeé\offor which the spray flame propagates in an aoitly manner.
For A= 02(not shown here) and0.3 oscillations occur. The simulations with vaporiaat
Damkaohler numbers outside the interval, namgly 0.1,04 and 0.5, lead to stable propagation of a
curved reaction front with results similar to thascribed in [1].

The impact of spray evaporation on rich flame pgai@n is via the heat consumed by the liquid
drops for evaporation. It is very important whehés tphenomenon takes place. For a high enough
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Damkohler number > 04 evaporation and heat losses occur in front ofélaetion zone (Fig. 1b),
whereas for smallA < 0.1 the evaporation takes place after the flame f(Big. 1a). Only for the
narrow interval 0.2< A < 0.3 the heat losses interact with the exothermic cbahreaction heat
production and the interplay produces oscillations.
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Figure 2. Flame front amplituded as function of timet for several values of Damkéhler number
A=0.1,0.3,0.L
Figure 3 shows the flame front propagation durimg @eriod of oscillation. Here, for clarity of
presentation, we define the flame front position as isoline of deficient reactant (oxygen
concentration) equal t®.1. In addition, the flame front is stretched witte thelp of the following
transformation

Y(9=y+100y()~y)  where y=[y(x)dx.

It is clearly seen that there is no galloping pgaieon as is found for lean spray flames. Moredker
unsteady propagation arises only in two-dimensianadlieling. The corresponding one-dimensional

simulation ends up with steady propagation of gaction wave for all studied Damkdéhler numbers.
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Figure 3. Positions of the flame front (propagating frorft te right) at several equidistant moments
for a single period of oscillatiorA(= 0.3).

During the period of oscillation (Fig. 3) the flarfrent consists of a different number of cells.th¢
beginning and the end there are two cells, wharetiee middle of the cycle there is a single cEle
periodic change of the number of the cells resnltee oscillatory propagation. (Fig. 2).
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Figure 4 shows a graph of the average velocity hef flame front for different values of the
evaporation Damkéhler number. This coincides whk tesults of a 1D simulation, despite the
absence of flame curvature and unstable propagadioexplanation of this phenomenon is proffered
in [1]. Fig. 4 clearly demonstrates that for smallthe flame velocity is high. In this case evapormati
occurs far after the reaction zone, and heat lodsesot strongly impact on the reaction rate. # th
evaporation Damkdhler number is high enough then dwaporation consumes heat ahead of the
chemical reaction. This results in drastic decéieneof the flame that is almost independent\of
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Figure 4. Average velocity of the rich spray flame propawat

4 Conclusions

1. There is a narrow range of evaporation Damkdhlenbars for which the interplay of heat
production due to chemical reaction and heat lodsesto evaporation of the fuel droplets
results in oscillatory propagation of the sprayrita

2. The average flame velocity depends on the amoustaporation of the liquid fuel fraction
ahead of the reaction zone. In the limitf> O all evaporation occurs after the flame zone
and the flame average velocity goes to the velafithe pure gaseous flame.
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