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LAMINAR DIFFUSION FLAME FORMATION IN TWO PHASE JETS
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Abstract. In thiswork, diffusion flames formed by coaxial jets of gas-particle two-phase flows composed by a fuel (gas)
jet with solid particles, and an external jet of oxidant with or without particles are considered. An analytical solution is
developed to estimate the fuel and the oxidant concentrations as well as the flame position. The flame shapes are
obtained from analytical models and there are compared with data from experimental results for a number of laminar
gasjets configurations. The focus of this study is to analyse the characteristics of the effect soot particles on the flame.
The particles presented effects that modify the combustion process. For example, the heat transfer by radiation in the
vicinity of the flame is strongly affected by particles. This work is part of a project to study the formation of diffusion
flamesin swirl injector.
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1. INTRODUCTION

The formation of diffusion flames by coaxial jetsfoel and oxidant with separated flows is much &Eyed in
aerospace and energy generation equipment. Inthusr aircraft engines applications, the diffusiflame have
turbulent behavior. But the initial studies of cambon theoretical analysis of diffusion flame a@ne considering
laminar behavior (Kim and Williams, 1997). The Bernd Schumann (1928) work, presented an analgadation
for gaseous fuel and oxidant coaxial jets. In thizk, the laminar flame is defined as fuel and aridseparation
surface with infinitely thin thickness. The maséfudiion transport is limited by thermal transposfhere the Lewis
number is unity (Kuo, 1986).

Two-phase reactive flow is present in most combusprocesses (Pai, 1977). In gaseous diffusion ostidn
processes, another phase (droplets or particlesjtahe physical processes. As the cohesive fdreegseen molecules
of liquids or solids are more intense, the diffusprocess is controlled by gas phase. But the sldfugaseous process
intensity is strongly affected by droplets or pae$ volume occupation in the mixture. When thectiea process
involves the liquid or solid phase, with source rodss and heat the combustion process is analyzespray
phenomenon, Boltzmann type analysis (Kuo, 1986thiswork the reactive combustion process is igstt to the gas
phase, affected by other phase.

Normally hydrocarbon combustion is soot formatiomgess (McEnallyet al., 1998). The soot particles are
composed by solid carbon with density of 68 order, constituting a second phase into combusgtioness (Travelho,
1987). In this work, the soot process formationas studied, the analysis is concentrated in sadiqgbes effect on the
mass fraction of fuel and oxidant and on the temupee in the vicinity of the flame. The soot pdes affect the
diffusion and the heat transfer processes, occgpymlume in the mixture and absorbing heat from ihactive
process. This leads to a definition of effectivBudiion for the two-phase gas reactive flow. THigetive diffusion is
controlled by volume and mass fraction or, in physiariable terms, by gas and mixture densities.

For easy the solution of conservation equations, tttermophoretic effect (Keh and Chen, 1997) os #uot
particles in the first analysis is not considetatj the mixture is homogeneous.

This work is part from study of ignition and extiion limits process in two-phase gas reactive flawalysis of
swirl injector for gas turbine/rocket hydrocarbarelf application. The main core of this work is fligsafety, in limit
situation of soot formation, as rich flame.

2.MATHEMATICAL DEVELOPMENT

An analysis of diffusion flame in two-phase flowshbeen made which has led to influence mechanisishape
flame.

A mathematical development of the theory is givasdad on volume fraction of solid particles. Here tlame is
analyzed as discontinuous surface among fuel-pestinixture and oxidant-particles mixture.

The main objectives in this work are the flame shamdified from volume occupation of particles intoxture and
the flame temperature.

2.1. Physical M odel
The diffusion flame formed from the two-phase geexctive flow is shown in Fig. 1. The physical modehsists of

two concentric tubes. Two streams of gas with spéidicles flows through the two tubes. The gas floavs through
the inner tube of radiud is fuel. The oxidant flows through the outer tudferadiusre. The two streams come into
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contact, forming the flame. The radial distanceejsresented by and the vertical distance layfrom the internal exit
tube, where=0.

oxidizer oxidizer

Figure 1. Physical schema of the burner.

The solid particles formation is not considered] #me mixture is homogeneous. The laminar flamimed by
two mixture flow with same mean velocity in coax@llindrical tubes. In general, the velocity of thas may be
different from that of the solid particles. We nagsume that the velocity of gas and that of sdidigles are the same.
If we consider the mixture of gas and solid pagtclone of the most important parameters is thenwvelfraction. The
volume fraction is defined as follows:

f =_9 1)

whereVy is the volume of gas in an element of mixture ¥rid total volume of an element of mixture. As wasioer
gas and solid particles, the rafigsepresents the fraction of volume in which solaftjzles is void. The fraction of
volume occupied by the solid particles is the cam@nt tov.

The density of the mixture is defined as

my +m,

p=
Vg +Vp

= m
\Y (@)

where subscripg refers to value of the gas, the subsquipd the value of the solid particles and withoutsaript refers
to the mixture. The species density is definedlsvs:

My
pg Vg (3)
and
_M
LRV (4)
The partial density of a species in the mixturdefined as follows:
Py v, (5)

and
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Py =1~ (6)
VP

The mass flux of fuel in the mixture through a nakstationary plane is done as follows:
my = fpruy—p, DO(TY;) (7)

whereuy is the velocity vector of gad) is the mass diffusivity in binary system fuel-caid andp; is the species
density of fuel. The mass fraction of fuel is definas follows:

P =ﬂ

Y, =———
Pt 0o pg

(8)

wherep, is the species density of oxidant.
The equation of continuity for fuel in a two-phdk®v, in vector notation, may be written as:

a(fpr) .
Tf'l":l(mf):fwf (9)

Substituting Eq.(7) into Eq.(9), we obtain

a(f o)
Tf+|:|(fpfug)=D|:bgD|j(fo)-fa)f (10)

for a fluid of constant mass density. Now w; has a negative sign because it represents thefra@nsumption of
mass of fuel.

Under the assumption that the velocity of gas &atl @f solid particles are the same, i.e.,
p=u (11)
(whereu we may define as velocity vector of the mixtute) £q. (8) becomes:

o(f
2P0 01 o =0, 00(1 ¥ - 12)

For cylindrical geometry under axisymmetric corliti the above species continuity equation in twasghflow
becomes:

o(fpr) _10 0 190 0
Tz?a[ngrd_r(fo)]_[?E(rfpf ur)+a(uzf:0f):|_fwf (13)
whereU = U, +Ug0+Uu,Z .

Here we assumed that axial diffusion is neglectete it is considered to be small in comparisoth wadial term,
ie.,

0? 92
?(fvf)»g(fvf) (14)

Working the convective terms of Eq. (13) as



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

10 )
——(ffPfU)"' (U fo1) = pgu, r(fo)+pgqu(fo) (15)
considering steady-state and>> u;, the Eq. (13) becomes

10

12 opr 2] gtV = fa )

The previous density of mixture definition Eq. (jth Eqg. (3), (4), (5) and (6) becomes:
p="fpy+Q1-1)p, (17)
and the mixture mass fraction may be shows as:

f
k=—to-_ T (18)

P mg+mp

As the previous discuss, the diffusion of masse#ricted to the gas phase and the mixture is henemus, the Eq.
(16) becomes:

10

d
: ar[ 0,02 (kY, )]—puzgwf) = 19)

Assuming steady-state, constant pressure, smadll naelocity component and negligible axial heahdoction, the
form of the homogeneous mixture energy equation is

19( 40 9
?E[ £ T)J pu,—(C,T)=-Q (20)

whereGC, is the specific heat of the mixture at constaespure] is the temperature of the mixtureis the coefficient
of heat conductivity of the mixture alis the heat source of the mixture.

We may assume the thermal equilibrium, i.e., thrapterature of the gas and that the solid partictestlae same.
Following Pai (1977), the mixture coefficients abare defined as:

_ fngpg + (- f),opCpp

= (21)
P f pg + (1_ f )pp
A= f/]g+(1—f)/]p (22)
where subscripg refers to value of the gas, the subsquipd the value of the solid particles.
As previous discuss, the reactive process is céstrito the gas phase, since heat source of thenmiis:
Yo
Q= fuwy 79 H, (23)

whereH,; is the fuel specific heat of reaction.
2.2. The Burke-Schumann Flame

The Burke-Schumann flame is defined based on ttie tiaermal energy and mass diffusion, into cowditihe
infinitely thin flame. Initially, we should to defe the Lewis number from mixture as
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Considering that in the Shvab-Zel'dovich formulatiove used the hypothedig=1, the definition of the Eq. (24)
may be analyzed from volume fraction. Considering Eq. (21), (22) and (24), the ratio of mixtural ayas Lewis
numbers becomes:

Le=Leg, (25)

Normally, the typical values of the reasons invdiie the Eq. (25) are arourid® for ratio of coefficients of heat
conductivity, 10* for ratio of densities and aroud@™ for specific heat coefficients ratio. The valuevofume fraction
of solid particles in the mixture is aroui@®, in according (Travelho, 1987) and (McEnatal., 1998). With this, the
values of the ratih.e/Le;are approximately unit.

The chemical reaction may be described as followse the solid phase reaction does not participate,

V¢ Fuel +v,Oxidant - products

wherev; andv, are the stoichiometric coefficients.
Introducing the Lewis number definition for mixtuire Eq. (19) with Eq. (18) and dividing by fuel gamass in the
reaction (% v) , this gives:

u, @ 19[ o fa;

—Z—(as)———|r—(a;)|=

kD 62( ) rar[ ar( ) Wi V¢ (26)
wherea; = - Y /(W vy).
Similarly, the Eq. (26) can be written for the cxd as:

u, d 10 0 fa,

—(a,)———|r—(a,) | =

kD 62( ) rar[ ar( ) WV, @7
wherea, = -xYo /(Wo vo).

For energy equation, Eq. (20), with Eq. (23) weehthe similar form:

u, @ 10(. 0 fag

kD az( ™) rar( ar( ™) W; V¢ (28)

wherear = - f CoT/(kH,w; vy ).

Following Kuo (1986), the profile of the mass fiaat of fuel and of oxidant, and the profile of tesnature in
diffusion flame formed from coaxial two-phase flgets is obtained combining the Eq. (26) and Eq).(Zhe non-
homogeneous term is eliminated by linear combimadifw; , a, andar as:

B=ai-a,,B=ar-a;, .. (29)

The equation fop variable, in non-dimensional form is given, followy Kuo (1986), as:

oy_10(. 0y
o] 505(505) (30)
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where¢ = r/re, 5 ={(z«D)/(ur€?)} andy ={(Sw: vi)/(Y;) =0} for mass fraction of fuel.
The boundary conditions fgr following Kuo (1986), in coaxial two-phase floet$ for mass fraction of fuel and of
oxidant are:

1 a n=0 Os{<1
re
Y= WA i 31
- L a n7=0 1sf<1 (1)
WV N Yi o re
and
g—?=0 aa =1 and =0 >0 (32)

The solution of this problem (Kuo, (1986); Burkedé®churmann (1928)) in Bessel functions series is:

y= 1(W J[LJ H(W }[LJ zl(w J[LJ (_)
WV, N Yi re WoVo N Yi WoVo N Yi re
z=0 z=0 z=0
. ZKD
o 1 A(a) ‘]0[ LJ e_%zuzrez
n=1 % [‘-JO(¢?1)]2

re (33)

The expression showed in the Eq. (33) is similathat of coaxial gas flow jets, i.e., the Burke-@ghann problem.
But the solid phase effect is introduced in theomgntial factor as mass fraction of gas into midiur

The mass fraction of gas into mixture< f p4/p) on the flame shape is obtained with condition0. The flame
shape curves for coaxial two-phase flow jets, weéthctive gas phase of methane and oxygen, and neettral air are
showed in the Fig. 2.
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Figure 2. Shape of flame in two-phase jets flow igastive.

The curves of Fig. 2 were established dgp, =10, with f =1; 0,999995 and0,999987. This values correspond to
the mass fraction of gas in the mixture1; 0,9 and0,885. In consequence, theL g, is closed to unit. The left curve
correspond to the over ventilated flame and thbtrayrve under ventilated flame. Following Burkeda®churmann
(1928), the over ventilated flame is obtained frovethane-oxygen reaction and the under ventilatdél correspond
to the methane-air reaction. In this analysis te dimensional diffusion velocity f{/re)/u;} = 0,125.

For temperature profile, following Kuo (1986)7{/[(-CpoT)=o/(HWi vt ) + (Yf) =0 /(W; vs)]} and the boundary
conditions becomes:
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( ri
1 at n=0 0sé<—
_ re
y=<; at n=0 15{<1 (34)
(Ys) =0 -1 re
L CpgTO/Hr
and
oy
a—£=0 aa =1 and =0 >0 (35)

The solution of this problem (Kuo, (1986); Burkedéchurmann (1928)) in Bessel functions series is:

N2 .

1 ri 1 1 ri
= 1+— Y — | +————+ N1l +—— Y — |x
4 1- (Yf)z=0 (I’ej (Yf)Z=0 1 1- (Yf)Z=O (I‘ej

Cp, To/H Cp,To/H Cp, To/H

= 1 Jl(r*i%) r % uy::Z
X _Lz ‘]0 —le z
“a [30a)] re

(36)

Substituting in Eq. (36) the definition in temperature problem, with the comaitY; = 0 in the front flame we have
general expression for flame temperature. Wittl for pure gas and the general expression of flaanmeerature, we
may obtain flame temperature ratio, among tempegaififlame of two-phase flow jets and the tempeeabf flame of
pure gas flow jets, i.e.:

Tf_KCpg_ 1

ng f Cp f 1+1—fi&

f Cp, Py

(37)

whereT; is flame temperature of mixture aiig flame temperature of pure gas. The Fig. 3 showpeeature ratio for
typical values ofl0* for ratio of densities and aroud@™ for specific heat coefficients ratio.
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Figure 3. Flame temperature ratio.
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3. CONCLUSIONS

This work has showed the main effect of solid jgtat in the shape and temperature of diffusion éldonmed from
coaxial jets of two-phase flow.

An important result is represented by Eq. (25)t 8t@ws relationship with respect the Lewis numtfemixture
and Lewis number of pure gas. This model work witkume fraction of gas closed to unit, providingwie number
unit. In despite this, facilities in mathematicalwgion of equations are obtained.

The Fig. 2 shows the increased on height of thedlaThis effect is due to the diffusion velocitycoease caused by
particles in the flow. The top hat flame shapedwer ventilated case is due to the axes scalerélifée in the graphic.
The result forf =1 is similarity to that of Burke and Schurmann (&P2vhich was strongly compared with
experimental results. The physical explanationsisoaiated with diffusion time necessary for diftusiof fuel and
oxidant inlet front of flame. For volume fractior gas valued =1; 0,999995 and 0,999987, the variation of flame
height may arrive arountb%.

The Fig.3 shows the decreased on temperature ditine. This effect is due to heat absorption Hidsmarticles in
the flow. For volume fraction of gas values1; 0,999995 and 0,999987, the variation of flame height may arrive
around7%.

The new step in this direction is the numericalusoh of equations with general Lewis number valaes!
experimental construction of two-phase flow burder.important point is referenced to hydrocarbomimg with soot
particles formation. In this focus, for aeronautieagine applications this work may to contribute.
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