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Abstract.

This work addresses the soot formation problem in diffusion flames using the flame fuel leakage model developed for the
droplet combustion. From the energetic point of view, soot and pollutant gases carry chemical energy not converted to heat
in the flame to the ambient; the same occurs with flame fuel leakage. The parallel between soot and fuel leakage opens
opportunities of using results from flame fuel leakage model to understand the effect of soot formation on the diffusion
flame properties. To gain insight and to reduce the complexity of the problem, the model is based on some simplifying
assumptions . One of them is reaction to be performed through a one-step mechanism with large activation energy, under
which asymptotic expansion is a valid strategy to analyse the problem. The results show that the fuel leakage model can
be used to describe the soot formation, but some droplet combustion properties are not well represented by the model.
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1. Introduction

Liquid fuels need to be atomized in very small droplets for being efficiently burned. The burning condition imposes
some important simplification on the description of isolated droplet combustion. The buoyancy force and the relative
velocity between the droplet and the gas phase are negligible small, because that force is proportional to the droplet
volume and that velocity is inversely to the droplet mass. Thereby, the processes in the gas phase around the droplet
presents spherical symmetry. Moreover, due to the large thermal inertia of the liquid phase in normal pressures, those
processes are quasi-steady compared to the liquid phase processes, e.g. the heating and vaporisation of the droplet (1; 2).
Although, the fluid dynamical aspect of the droplet combustion is relatively simple (1; 2), the chemical aspect and its
influence on the flow field are complex. This work addresses, particularly, the description of the flame history for very
small stoichiometric ratio of fuel and air to apply the results in benefit of understanding soot formation effect on diffusion
flames.

It is well known that fuels with very small stoichiometric fuel-air ratios do not burn completely(3; 4; 5; 6; 7; 8; 9; 10).

The time that those fuels spend inside the flame is not enough to complete the oxidation reaction. Then, soot and pollutant
gases are formed. From the energetic point of view, soot and pollutant gases are species that flow by the flame and contain
chemical energy not converted to heat in the flame.

The classical model for the quasi-steady droplet combustion predicts that the flame position takes place very far from
the droplet surface for very small stoichiometric ratio of fuel and air (11; 12). However, the experimental observation does
not confirm the theoretical prediction (10). A possible reason for that is the soot formation. The soot can be interpreted
as fuel unburned leaking by the flame to the atmosphere. Under this condition it is expected the flame to take place at a
different position, closer to the droplet surface.

A model for soot and soot-shell formation was presented (13). The thermophoretic force on the soot particles and the
thermal radiative heat loss are included. The results for flame standoff distance and the soot-shell standoff distance agreed
very well with the experiments. This is an indication that the soot chemistry is a responsible for discrepancy between the
classical results and the experimental results.

To gain insight of the effect of the incompleteness of reaction on the droplet combustion, this work will analyse and
trace a parallel between an idealised situation of fuel leakage by the flame and the soot and pollutant gases emissions. At
this first approach, the reaction is supposed to perform by a one-step mechanism. Also, it is admitted that the activation
energy of that reaction is much larger than the gas phase thermal energy. Under these conditions, the transport phenomena
and the fuel reaction can be described by the large activation energy asymptotics.

2. Mathematical Formulation

The formulation of quasi-steady droplet combustion and the solution are presented elsewhere (14). Thus, because of
the problem to be well known, only the parts of the formulation essential for the understanding will be explicitly presented.
Considering the ambient conditions to be characterised by the tempefatureensityp.,, 0xygen mass fraction
Yooo. Without loosing any important feature of the problem, the constant pressure specific heat is supposed constant, but
the transport coefficients (thermal conductivity and diffusion coefficient, respectively) are dependent only on temperature
accordingtokK /K, = D;/D; », = (T/T)"™ = 6™. The nondimensional quasi-steady conservation equations, describing
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the gas phase around the droplet with radiag timet (a( at the timet = 0), are expressed by
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The definition of the nondimensional independent variables are as following: the time/t., wheret,. is the vapori-
sation timet. = e(a2/as) and the radial coordinate = r/ag; € = poo/p: is the ratio of the gas density to the liquid
density anda, = Ko/ (psoCp) IS the thermal diffusivity. The definition of the nondimensional dependent variables
(temperature, density, oxygen mass fraction, fuel mass fraction and velocity, respectively) are as folowifigT ..,
0= p/pocr Yo = Yo /Yoo, yr = Yr andv = Vay/a. The parameters that appearing in Egs. (2) and (3) are defined
as: Lewis numbeLe; = ao/D; 0os s = S0 = /Y0 o0, s7 = 1 @andq = Q/(c,Ts). Since the kinetic mechanism is
supposed to be one-step and the reaction rate follows Arrhenius type, thus
Ba2 ni+ns—1

= o Ty o U eap(—0/6) (4)

wherelWV; is the molecular weight of speciéand the nondimensional activation energy is defined by E/RT ..
Equations (2) and (3) are integrated from the droplet surface to the ambient atmosphere, the flame is at a position

between these two boundaries. To proceed the integration, the boundaries conditions must be speeifi@e-at/ay,
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The subscrips represents the droplet surface condition. The nondimensional lateritisesiressed by /(c, T ), ¢~
is the heat to inside the droplet atid= [ + ¢~ /.

In this work, it is admitted the temperature profile is uniform inside the droplet, but it varies withdimef, (7).
Thereby, the mass conservation equation for the liquid phase leads to

da? A

dr 2 a (7)

The definition of the nondimensional vaporisation rate\is= 1 /(4maoK~/c,) and the nondimensional droplet
radius, a= a/ag. The ratiol/a, known as vaporisation constant and defined,atepends on the heat flux to the droplet
imposed by the flame.

The closure for the system of equations is provides by the dimensionless equation of state ofdfie-ghs,

The system of Egs. (1) to (3) is characterised by the boundary conditions Egs. (5) and (6).

According to the type of the problem, at the flame- z,,, the properties are

0—0p=yr—yrp =9y =0 8

In this analysis, the fuel leakage-, through the flame without reacting is supposed to be of the ordepfLeps =
1/8 « 1. To distinguish the results with fuel leakage from those without leakage, the sulysailpbe used to identify
the leakage and to identify no leakage.

2.1 Flame Outer Zone Description

In first approximation, the flow generated by the phase change and thermal expansion is described by Egs. (1-8) im-
posing the hypothesis of infinite thin flame with oxygen concentration going to zero at the flame and the fuel concentration
going to a fix value. Under the fuel leakage condition, the flow field analysis does not provide a closed solution. The
flame properties (position and temperature of the flame) and the droplet properties (droplet temperature and vaporisation
rate) are determined as function of the fuel leakage quantity.

Even with fuel leakage, the Shvab-Zeldovich formulation is the appropriated strategy to solve this problem, by using
the fact that there is no oxygen leakage by the flaype= 0 in the part of the domain & = < z,,. For these conditions,
the Shvab-Zeldovich formulation with the excess enthdipy= (S + 1)Lr0/q + yr +yo = (S +1)Lr0/q + yr and
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the mixture fractiorZ = Syr — yo + 1 = Syr + 1 can be used to determined the temperature and fuel profiles between

the droplet surface and the flamegar < x,. From previous analysis (14),

LOH (Lp—1)
ox + S

n9Z _
or

MH + H,) — 220 MNZ,—2Z)=0 9)

~LpMNZy — Z) — 220 0 (10)
whereH, = [(S+1)Lr/qJ(l' — 05) — 1, Z, = S+ 1 andS = Leps/Lep is the ratio of the oxygen flux to the fuel flux
at the flame.

The equations foH andZ satisfy the boundary conditions at the droplet surface a, which are determined from

Eq. (5),

H(@ = (S+1)Lpbs/q+ yrs, Z(a) = Syrs + 1, (11)
H 1)L Z

20" on = w/\l’ —ALep(1 —yps), x°0" 0z = —ALepS(1 —yps) (12)
ox r=a q Ox r=a

at the flame, the boundary conditions are given from Eq. (6),

H(zp) = (S+1)Lrby/q+ yrp, Z(xp) = Syrp + 1, (13)
and from the ambient atmosphere— oo

H(o)=(S+1)Lr/q+1, Z(c0) =0, (14)

Solving Egs. (10) and (11) and writing the solution in terms of temperature and fuel mass fraction, it is found (14)

1— 1/Lp
=0, +1 (yF> (15)
1- YFs

The mixture fractionz and the excess enthalpy in the part of the domaim > x,, do not determine the temperature
and fuel and oxygen profiles. The reason for that is the presence of the fuetim,, making the system of equation
undetermined. Of coarse, either one of the unknown must be found from its conservation equation or two unknowns must
be written as a function of the third unknown. Despite the indetermination of the problemiisamgl Z, equations for
H andZ can be integrated once,

MH — H(o0) +qu) — x%"%—f + Lo —DAMyo—1)+ (Lr —1)Ayr =0 (16)

0z

NZ +4z) = 2*0" 5= = (Lo = DAyo = 1) + S(Lr = Ayr =0 (17)
whereqy = 2%0" (0H/0x)|, .. andqz = 220" (0Z/0z)|, .., which are determined by the continuity of the func-
tions H andZ and their first derivative at the flame= z,, qg = [(S+1)Lr/q)(1+1' —0s)+ Lo — Ly + (Lr — 1)yry
andgz = —Lo(s + 1), respectively.

As considered initially,l /S < 1, a solution in this part of the domain is found expanding the those properties in
series where the small parameterSis®. Using thed = 6y + S~16; + o(S™1), yo = yoo + S~ "o + o(S™1),
yr = S~ Yr + 0(S™1), the equations foff andZ in the order unity are expressed as

2ngn 8H0
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whereHy = (S + 1)LeF90/q + Y00, Zo = YFr — yoo + 1 andgyo = [(S + ].)Lp/q](l + l6 — 950) + Lo — Lp
It is worth to note thatH, as Z, are combination of two variables, and the oxygen mass fragtignis present in
both functions. Then, writing both equations in termggf and integrating, the solutions are (14)

I/LO
90=1+(950+q—l6—1)[1—(8+y00) ] (20)

)\(ZO + qZ) — 220 — (Lo — 1))\(2400 - 1) + (LF — 1))\wF =0 (19)

s+ 1
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The flame temperature for without fuel leakage through the flame is determined imposing the capgitierd and
0o = 0¢, thus

1/Lo
ef:1+ww+q—%—q)k—< i ) ] (21)

s+ 1

Considering the droplet temperature equal to the boiling temperéigire 6z, thenl’ is equal to the latent heat
" =1. From Egs. (15) and (21), the flame temperature with fuel leakage is

1 ! Yrp

%:@_Eﬁiﬂﬁmgs (22)
and the fuel mass fraction at the droplet surface in the gas phase side is specified by
1 s 1/Lo
(l—yps)l/LFQ+(1+laBQ)<s+1) (23)

Integrating the energy conservation equation, Eq. (3), the vaporisation cofistanf\/a and the flame standoff
distancer, /a are determined as following
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These properties can be obtained considering the approximatiom, + S~ + o(S™!) andz,/a = (z,/a)o +
S~ (xp/a)1 + o(S™1), where
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As can be seen, the droplet combustion properties are determined as a function of the fueljegkageording to
previous analysis (15), the value®f., is a function of the Damkohler number of the reaction. The relation betyggn
the Damkoéhler number is found when the flame structure is described. The next order problem, in terms of the reciprocal
of the activation energy, will treat the issues concerning the flame inner zone. From the flame outer zone, the heat fluxes
and the fuel and oxygen fluxes are passed to the inner zone as boundary conditions. These properties are determined by
Egs. (2), (9), (10), (16), (17),

Oyr LpA 1 Yo LS )
= or = —gn (1 = —= =" -
dp oz — x%@g (=1+ S " Yry), do oz st %2;9; ( ST ), (30)
__ 09 A .00 A
= — - _ =9 _ B . .
d9 ax a::zg x%e;’ (01) + l OB)) d@ ax mzz: :E%Qg (9[) =+ l HB q) (3 )

Also, the flame temperature and flame position, given by Egs.(22) and (25), are necessary to describe the flame structure.



Procedings of COBEM 2005 18th International Congress of Mechanical Engineering
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG

2.2 Flame Inner Zone Description

The description of the flame structure is conveniently expressed by the following variables

0 = 0, — eO©+~v+p) +o(e)
yo = edo®o/m ~+o(e) (32)
yr = Yrp + edp®rp/m ~+o(e)
v = @ 4+ eEpi)/m +ole)

where the small parameteiis defined ag = eg/ea.
Taking Eq.(32) into Egs. (2) and (3), the system of equations that describes the flame, is

P20 &b,  Da .
TgQ - d£2 - F(l _|_n1)(I)O exp[—(@ +'7€ +p)] (33)

where the definition of the Damkdhler numbBe is
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where the conservation of species and energy around the fldhe; d.)/Lr = do/(LrS) = (d; —dJ)/q = m/q,
and Egs. (22) and (32) were used.

The expressions of = —d, /m andm = d, + |d; | permit to normalise the boundary conditions as well as to rotate
the coordinates such that

4o _ %o @ _

Imposingp = In(Da) and combining Egs. (33) and applying the boundary condition Eq. (34), the flame structure
description is given by

_d® o] (34)

£—o00
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From Eq. (34), itis seen that, the valuerpf= lim,_,..(Po — £) = p/7 changes with the Damkoéhler numhBy.
From the definition op,

4 2 24n+n;—ng n2
xp/a a 0, Yr 0, 0
_ A2 a P P _Za 4 Za
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For the case,; = ny = 1, there is an approximate expressionfoy as a function ofy = —(6, +1 — 65)/q (15),

ny = —1.344y — 4y*(1 4+ ) /(1 +27) = 37> —In(1 —47*) for —05<~y<0 (37)
3. Results

An asymptotical model for droplet combustion with fuel leakage is applied to n-heptane, which is used in experimental,
numerical and analytical works to simulate the gasoline. The n-heptane properties employed in this work are: ambient
temperaturel,, = 300K, boiling temperaturd’s = 371K, latent heatl, = 7645cal/mol, the exponent = 0.5,
n-heptane Lewis numbetr = 1.7, oxygen Lewis numbel, = 1.1, activation energyE, = 30kcal/mol, heat
of combustionQ = 1160kcal/mol, stoichiometric massic coefficiest = 3.52, and ambient oxygen mass fraction
Yo = 0.21.

Solving the Eg. (36) with Egs. (22), (23), (24), (25) and (37), the flame tempewtiseletermined as a function of
the modified Damkdhler numbeX. As largeA is as close the flame temperatéggis to value of Burke-Schuman flame
temperature (without leakageé). This is so because of the reduction in the fuel leakipg, consequence of the increase
on the reaction rate, as increases. The plot depicted in Fig. (1) confirms that dependence of the flame temggyrature
A. ForA = 10% and10*, the flame temperatui, is very close to the Burke-Schuman flame temperayre: 8.7317,
because the fuel leakage, is very small for these values &, as will be seen below,.

Furthermore, it is also seen in Fig. (1) a large reduction on the tempergtuirdicating the flame extinction. In
two profiles, corresponding tA = 103, 10, 6, decreases fast close to the end of the droplet. These results show that



Procedings of COBEM 2005 18th International Congress of Mechanical Engineering

Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG
9 T T T
F I e o= - T W 4
85 ~ Lo
o \ i
T e N 4
T |
8 ~ | T
Q_ ~ 1
D i . b
- N ! 4
75 \ | o
i \ o]
—_— 50
— L]
/ -—— 100
— — 1000
————— A = 10000
P A E I R S
0 0.05 01 0.15 0.2 0.25
T

Figure 1. Variation of the flame temperatutg as a function of time. The dependence of the evolutipron the
Damkhéler numbeA is presented for four representative valuea\of= 50, 10, 1000, 10000.

the Burke-Schuman model can be applied to conditions with whick 1, except for a short period of time before the
extinction.

For the other two profiled = 50, 102, the flame temperature decreases too fast even for droplet radius a of the order
of unity, a~ 0.8 and0.6 respectively. This behaviour for the two profiles is an indication of extinction; the fuel flow
generated by the droplet vaporisation does not sustain the flame.

The variation of the flame temperatutgwith the Damkholer numbed has a strong effect on the fuel leakags,,
as showing in Fig. (2). Approximately, fuel leakage, changes accordingly to 1/A, for yr, < 1. The fast increase
of the fuel leakage at the end of the stable period of time confirm the fast decrease of the flame temperature, characteristic
of flame extinction.

The fuel leakagg s, leads to a decrease in the flame temperatyias well as in the vaporisation rate, as showing the
plot of the vaporisation constaptin Fig. (3).

The droplet vaporisation rateis imposed by the heat transfer from the gas to the droplet and it is determined by the
combination of the flame position and the flame temperature. Therefore, to decrease the heat transfer to the droplet the
flame temperature needs to decrease and the flame takes place far from the droplet. This behaviour of the flame position
is seen in Fig. (4).

The variation of the vaporisation constshtvith time leads the droplet radius squafen®t to decrease linearly with
time. ForA = 102 and10, the variation of3 is very small in almost all vaporisation time except at the end of the droplet,
then for these cases$ follows the classical results? a= 1 — 237, practically during the droplet life time. The discrepancy
from the classical results is more evident for the other two cases,50 and10?, as can be seen in Fig. (5).

4. Conclusion

Fuel leakage by the flame causes a reduction of the flame temperature. Consequently, the vaporisation rate decreases
and the flame stabilises far from droplet. The vaporisation constant, that in the Burke-Schuman condition is a specific
value and because of that the droplet radius square decreases linearly with time, under the fuel leakage condition, varies
with time. The variation of the vaporisation constant with time is more evident for Damkhdéler nulnked 000, and
under this condition the droplet radius square variation abandons the linear reduction with time.

The results show that the model considering fuel leakage by the flame can be used to simulate soot formation, but can
not be used to estimate the flame position.
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Figure 5. Variation of the square droplet radifsas a function of time. The dependence of the evolutibom the
Damkholer numbeA is presented for four representative valuea\of 50, 100, 1000, 10000.
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