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Abstract

Numerical and experimental investigations highlighting the heat and mass transfer phenomena in a laminar co-flowing jet diffusion
flame have been carried out. The fuel under consideration is ethylene, with ambient air as the co-flowing oxidizer. The diffusion flame is
modeled using a 17-step reduced reaction mechanism with finite rate chemistry and the effects of soot on the radiative heat transfer of the
flame have been demonstrated. Soot growth and oxidation processes are studied using a two-equation transport model, while the radi-
ative heat transfer is modeled using the P1 approximation. An in-house finite volume code has been developed to solve the axi-symmetric
Navier–Stokes equations in cylindrical coordinates, along with the soot mass fraction, soot number density, energy and species conser-
vation equations. Comparison of predictions with experimental results shows reasonable agreement with regard to the flame height and
temperature distribution. A parametric study is also presented, which illustrates the effects of the fuel jet Reynolds number and the flow
rate of co-flow air.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Soot produced in a flame has both beneficial and detri-
mental effects. In applications like furnaces, the radiation
heat transfer associated with soot particles provides a more
uniformly heated environment. On the other hand, the
presence of un-oxidized soot particles in any combustion
exhaust is viewed as environmental pollution. Soot forma-
tion is significant, particularly in the case of unsaturated
hydrocarbons with double and triple carbon–carbon bond
structure (for example ethylene, acetylene and benzene).
The present work investigates the effects of soot formation
and oxidation on radiative heat transfer from the flame as
well as on the overall combustion process, in an ethylene
diffusion flame.

Several experimental and numerical studies are avail-
able on the modeling of diffusion flames [1–4]. Mitchell
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et al. [5] studied the laminar diffusion flame of methane
in air and predicted the distributions of temperature, veloc-
ity and species concentrations. More recently, the applica-
tion of detailed chemical kinetic models has become an
important tool in combustion simulation [6]. Frenklach
and co-workers [7] considered about 600 elementary reac-
tion steps and 200 species, including those related to soot
chemistry, during acetylene pyrolysis. Such detailed kinetic
models, however, are cumbersome to handle due to the
large computational times involved. A reduced reaction
mechanism for methane combustion has been discussed
by Peters and Kee [8]. Various semi-empirical soot models
have also been developed, improved and used extensively
in laminar diffusion flames [9–12]. Guo et al. [13] have
investigated the influence of thermal diffusion on soot for-
mation in an ethylene flame. Ethylene diffusion flame with
co-flow air has been studied using a detailed 64-step reac-
tion mechanism by Kennedy et al. [14]. The formation and
growth of soot particles in co-annular ethane and ethylene
diffusion flames have been studied by Santoro et al. [15],
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Fig. 1. Geometry of the problem along with the computational domain
and grid pattern.

Nomenclature

a absorption coefficient, m�1

As soot surface area per unit volume, m�1

Ca soot agglomeration rate constant
Cmin number of atoms per soot particle
CP specific heat, kJ/kg K
d diameter, m
D mass diffusivity, m2/s
Ea activation energy, kJ/kmol
Fr Froude number (uj=g0:5d0:5

j )
g acceleration due to gravity, 9.81 m/s2

h specific enthalpy, kJ/kg K
k thermal conductivity, W/m K; also, rate con-

stant of a reaction
K Boltzmann constant, J/K
L length of flame, m
M molar mass, kg/kmol
N number density of soot
NA Avogadro’s number, particles/kmol
p pressure, N/m2

Pr Prandtl number (t/a)
q heat flux (W/m2)
r radial coordinate, m; also, reaction rate.
Re Reynolds number (qujdj/l)
Ru universal gas constant
Sc Schmidt number (t/D)

Sm, Sn source terms for soot mass and number density
t time, s
T temperature, K
u, v axial and radial velocity components, m/s
Y mass fraction
z axial coordinate measured from jet exit, m

Subscripts and superscripts

i species i

j fuel jet inlet conditions
m, mix corresponding to gaseous mixture
ref reference quantities at free stream conditions
R radiation
s soot
(S) solid state
T thermophoretic
* dimensional quantities

Greek symbols

q density, kg/m3

l coefficient of viscosity, N s/m2

_x mass based reaction rate , kg/m3 s; mass rate of
production

h angular coordinate
r,s normal and shear stress fields, N/m2
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using laser extinction/scattering technique for particle size
measurement.

Although a large number of studies have been carried
out on diffusion flames and several soot models have been
developed recently, there is still a strong need to develop a
coupled soot model including radiative heat transfer effects,
for the analysis of unsaturated hydrocarbon combustion. It
is also desirable to arrive at suitable reduced kinetic mech-
anisms that provide accurate predictions of the overall
combustion process, while being computationally very eco-
nomical. Such reduced chemistry models will be useful for
conducting detailed parametric studies and for highlighting
the effects of important process parameters, in practical
combustion problems. With these objectives in mind, an
axi-symmetric diffusion flame of ethylene with co-flow air
has been studied experimentally and numerically in the
present work. The numerical predictions have been vali-
dated with experimental measurements at different fuel jet
Reynolds numbers and mass flow rates of co-flow air.

2. Mathematical formulation

The physical configuration of an ethylene jet diffusion
flame with co-flow air is shown in Fig. 1. Ethylene gas is
injected vertically through a central pipe and the co-flowing
air stream enters through the annular area surrounding the
fuel pipe. In the numerical model of the present study, the
flow is assumed to be axi-symmetric and laminar. An ideal
gas mixture formulation is used to account for the varia-
tions in density and other physical/transport properties,
with temperature and concentration. Second order phe-
nomena like Soret and Dufour effects have been neglected.
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The buoyancy term is included in the momentum equation
for z-direction, because of the vertical jet configuration and
the low velocity flow considered in the study. Thermopho-
retic velocities of soot in both r- and z-directions are
accounted for, to accurately capture the interactions
between the soot and the gas phase flow.

2.1. Governing equations

The governing equations for mass, momentum, energy
and species balance are non-dimensionalized using appro-
priate length, velocity and time scales. The fuel jet inlet
velocity (uj) is chosen as the reference velocity. The diame-
ter of the fuel jet (dj) is used as the reference length and the
ratio of the fuel jet diameter to fuel-jet inlet velocity (dj/uj)
is used as the time scale. Properties in general, have been
normalized using their values at a suitable reference tem-
perature and mixture composition. All the other variables
(including the reaction rate _xiÞ, have been non-dimension-
alized by combining these reference quantities appropri-
ately. The dimensionless variables are

z ¼ z�

dj
; r ¼ r�

dj
; t ¼ t�uj

dj
; u ¼ u�

uj
; v ¼ v�

uj
;

q ¼ q�

qj
; p ¼ p�

qju
2
j
; T ¼ T � � T j

T j
; h ¼ h�

CP ref
T j

l ¼ l�

lref

lref

qjujdj
¼ l�

lref

1

Rej
; CP ¼

C�P
CP ref

;

Dim ¼
D�im
Dref

Drefmref

mrefujdj
¼ D�im

Dref

1

RejScj

k ¼ k�

kref

kref

qjujCP ref
dj
¼ k�

kref

1

RejPrj
; _xi ¼

_x�i dj

qjuj
:

The dimensionless governing equations in cylindrical polar
coordinates (r,z) are given below.

Continuity equation:

oq
ot
þ o

oz
ðquÞ þ 1

r
o

or
ðqvrÞ ¼ 0; ð1Þ

z-momentum equation:

o

ot
ðquÞ þ o

oz
ðqu2Þ þ 1

r
o

or
ðrquvÞ

¼ o

oz
ðrzzÞ þ

1

r
o

or
ðrszrÞ þ

1

Fr2
ðq1 � qÞ; ð2Þ

r-momentum equation:

o

ot
ðqvÞ þ o

oz
ðquvÞ þ 1

r
o

or
ðrqv2Þ

¼ o

oz
ðszrÞ þ

1

r
o

or
ðrrrrÞ �

rhh

r
: ð3Þ

The stress terms in the above equations can be written as

rzz ¼ �p þ 2l
ou
oz
; rrr ¼ �p þ 2l

ov
or
;

rhh ¼ �p þ 2l
v
r
; srz ¼ szr ¼ l

ou
or
þ ov

oz

� �
:

The last term in the z-momentum equation arises from
buoyancy effects. The species conservation equation for a
particular species ‘‘i” is given by

o

ot
ðqY iÞ þ

o

oz
ðquY iÞ þ

1

r
o

or
ðrqvY iÞ

¼ o

oz
qDim

oY i

oz

� �
þ 1

r
o

or
rqDim

oY i

or

� �
þ _xi; ð4Þ

where _xi denotes the mass rate of production of species i

per unit volume. The energy conservation equation may
be written as

o

ot
ðqCP T Þ þ o

oz
ðquCP T Þ þ 1

r
o

or
ðrqvCP T Þ

¼ o

oz
k
oT
oz

� �
þ 1

r
o

or
rk

oT
or

� �
�
Xn

i¼1

_xiDhfi

þ
Xn

i¼1

o

oz
qDimCPiT

oY i

oz

� �

þ 1

r
o

or
rqDimCPiT

oY i

or

� �
þr � qR ð5Þ

with hfi representing the enthalpy of formation for the ith
species and qR denoting the radiative flux. Thermo-physical
properties have been evaluated using the Chapman–
Enskog description of ideal gas mixtures [16]. The relations
used for the evaluation of each of these properties are given
in the Appendix.

The divergence of the radiative heat flux term included
in the energy Eq. (5) is obtained from the radiation model
using ‘‘P1” approximation, which belongs to the more gen-
eral ‘‘ Pn” model expansion of the radiative transfer equa-
tion into an orthogonal series of spherical harmonics. For
the sooty flames studied here, radiation transport is better
described by assuming the medium to have moderate to
large optical thickness, and so the use of P1 approximation
is justified [17]. The expression for the heat source (or sink)
due to radiation using this approximation is given by [18]

�r � qR ¼ aG� 4arT 4; ð6Þ

where ‘a’ is the absorption coefficient and G is the incident
radiation. The transport equation for incident radiation
used in the model is given by

r � 1

3a
rG

� �
� aGþ 4arT 4 ¼ 0: ð7Þ

The value of �$ � qR can be directly substituted to the en-
ergy equation to account for radiation. A detailed treat-
ment of the P1 approximation is available in [18].

Emissivities of CO2 and H2O are obtained as functions
of temperature and pressure including the effect for band
overlap, using the modified Hottel’s correlations proposed
by Leckner [3]. Accordingly, the emissivity at zero partial
pressure (for water vapor or carbon dioxide) is given by

e0;S ¼ exp
XM

i¼0

XN

j¼0

Cji
T g

T 0

� �j

log10

P aL
ðP aLÞ0

� �i
" #

; ð8Þ



Table 1
Correlation constants for the determination of the emissivity of water
vapour

C00C10C20 �2.2118, �1.1987, 0.035596
C01C11C21 0.85667, 0.93048, �0.14391
C02C12C22 �0.10838, �0.17156, 0.045915
PE ðp þ 2:56pa=

ffiffi
t
p
Þ=pb for t = T/T0

(paL)m/(paL)0 13.2t2

a 2.144 for t < 0.75
1.888 � 2.053log10t for t > 0.75

b 1.10/t1.4

c 0.5
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where T0 = 1000 K and (PaL)0 = 1 bar cm. Subscript ‘S’
represents the species (water vapor or carbon dioxide)
accordingly. Cji represent the correlation constants for
water vapor and carbon dioxide as shown in Tables 1
and 2, respectively. The emissivity at any partial pressure
(for water vapor as well as carbon dioxide) is then found
from

ep;S ¼ e0;S 1� ða� 1Þð1� P EÞ
ðaþ b� 1þ P EÞ

exp �c log10

ðP aLÞm
P aL

� �2
 !" #

;

ð9Þ
where, values of the effective pressure PE and the correla-
tion parameters a, b, c, and (PaL)m for water vapor and
carbon dioxide are also given in Tables 1 and 2, respec-
tively. In order to take care of the band overlap between
CO2 and H2O, a correction factor has been introduced as

De¼ n
10:7þ101n

�0:0089n10:4

� �
log10

ðP H2OþP CO2
ÞL

ðP aLÞ0

� �2:76

;

ð10Þ
where, n ¼ P H2O

P H2OþP CO2

.

Table 3
Results of the grid independence study

Grid size Tmax % Change of Tmax

61 � 41 2148.0 –
81 � 61 2040.4 5.01

121 � 81 2014.9 1.25
181 � 121 2010.38 0.23
241 � 181 2007.9 0.114

Table 2
Correlation constants for the determination of the emissivity of carbon
dioxide

C00C10C20C30 �3.9893, 2.7669, �2.1081, 0.39163
C01C11C21C31 1.2710, �1.1090, 1.0195, �0.21897
C02C12C22 C32 �0.23678, 0.19731, �0.19544, 0.044644
PE ðp þ 0:28pa=

ffiffi
t
p
Þ=pb for t = T/T0

(paL)m/(paL)0 0.054t2 for t < 0.7
0.225t2 for t > 0.7

a 1.0 + 0.1/t2

b 0.23
c 1.47
The net emissivity for CO2 and H2O is now calculated
as

eCO2þH2O ¼ ep;CO2
þ ep;H2O � De: ð11Þ

The absorption coefficient of soot has been calculated as a
function of soot volume fraction and temperature, using
the expression developed by Kent and Honnery [19], based
on the experimental data for ethylene–air diffusion flames
as

asoot ¼ 266:0C1fvsT ; ð12Þ
where fvs is the soot volume fraction and the constant C1 is
taken as 7.0 for ethylene. The absorption coefficient for the
mixture of CO2 and H2O is taken as [11]

aCO2þH2O ¼ 0:1ðX CO2
þ X H2OÞ; ð13Þ

where X represents the mole fraction. The net absorption
coefficient ‘a’ for the soot and mixture of CO2 and H2O
is obtained for each cell, as a sum of the individual absorp-
tion coefficients [11]. The emissivity of soot and the net gas
emissivity are now obtained using the empirical correlation
suggested by Yuen and Tien [20] as follows:

esoot ¼ ð1:0� e�asootLÞ; ð14Þ
enet ¼ ð1:0� e�asootLÞ þ e�asootLeCO2þH2O: ð15Þ
2.2. Reaction kinetics for ethylene combustion and soot

formation

The simplest approximation that leads to any meaning-
ful evaluation of fuel combustion in air is a single step glo-
bal reaction [21], with two reactants (fuel and oxygen), two
products (carbon dioxide and water vapor) and one inert
species (nitrogen). However, considering the complexities
involved, especially with the combustion of higher and
unsaturated hydrocarbons where soot formation is signifi-
cant, the single step global reaction involving five species
becomes inadequate in capturing the physics of the process.
Hence, a 17 step reduced mechanism having 16 major
species has been identified from published literature
[11–15,22], as discussed below. These kinetic steps can be
generally classified as fuel break-up mechanisms (R1)–
(R5), CO formation and oxidation (R6)–(R9), hydrogen–
oxygen reactions and H2O formation (R10)–(R12), and
finally the formation and oxidation of solid carbon
(R13)–(R17).

The fuel break-up steps:

C2H4 þO! CHOþ CH3 ðR1Þ

C2H4 þM! C2H2 þH2 þM ðR2Þ

C2H4 þH! C2H3 þH2 ðR3Þ

C2H3 ! C2H2 þH ðR4Þ

CH3 þM! CH2 þHþM ðR5Þ

where M is a third body involved in the reaction.
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CO formation and oxidation:

CH2 þO2 ! COþOHþH ðR6Þ

CHOþM! COþHþM ðR7Þ

COþOH ¢ CO2 þH ðR8Þ

COþO2 ¢ CO2 þO ðR9Þ

Hydrogen–oxygen reactions:

HþO2 ¢ OþOH ðR10Þ

H2 þOH ¢ H2OþH ðR11Þ

HþOH ¢ H2O ðR12Þ

Among the above steps, the reaction involving OH radical
(R8) is slow and it usually determines the rate of oxidation
of CO to CO2 with considerable release of thermal energy.
The rate constants for the kinetic steps (R1)–(R12) have
been taken from the Refs. [6,14,21,22].

Finally, solid carbon is formed or consumed through the
reactions

C2H2 ! 2CðSÞ þH2 ðR13Þ
C2H2 þ nCðSÞ ! ðnþ 2ÞCðSÞ þH2 ðR14Þ

CðSÞ þ
1

2
O2 ! CO ðR15Þ

CðSÞ þOH! COþH ðR16Þ
CðSÞ þO! CO ðR17Þ

Soot formation mechanism through the acetylene route
(steps R2 and R4) was considered, based on the assump-
tion that soot formation from hydrocarbon fuels proceeds
via the basic steps of nucleation, surface growth, coagula-
tion, and oxidation. Modified versions of the two-equation
transport model for soot, originally proposed by Leung
et al. [9] and Fairweather et al. [10], have been successfully
used for the simulations of ethylene/air diffusion flames
[13,23]. These approaches are also adopted for modeling
soot in the present study. The conservation equations for
soot mass fraction and particle number density are solved
along with the species conservation equations. The trans-
port equations for soot are given as

qv
oY s

or
þ qu

oY s

oz
¼ � 1

r
o

or
ðrqV T ;rY sÞ

� o

oz
ðqV T ;zY sÞ þ Sm; ð16Þ

qv
oN
or
þ qu

oN
oz
¼ � 1

r
o

or
ðrqV T ;rNÞ �

o

oz
ðqV T ;zNÞ þ Sn: ð17Þ

The thermophoretic velocities of soot are evaluated [14] as

V T ;xi ¼ �0:55
l
qT

oT
oxi

for xi ¼ r; z:

The soot number density, N, is defined as the number of
particles per unit mass of mixture. The source term Sm ac-
counts for the nucleation, surface growth and oxidation ef-
fects of soot [9,10], while Sn takes care of the combined
effect of soot nucleation and agglomeration [10]. These
source terms are given as

Sm ¼ 2:0r13MCðSÞ þ 2:0r14MCðSÞ

� ðr15MCðSÞAs þ r16As þ r17AsÞ; ð18Þ

Sn ¼
2:0

Cmin

NAr13 � 2:0Ca

6:0MCðSÞ

pqCðSÞ

 !1=6

� 6:0KT
qCðSÞ

 !1
2

½CðSÞ�1=2½qN �11=6
: ð19Þ

In the above equations, MC(s) is the molecular weight of so-
lid carbon (=12.011 kg/kmol) and Cmin is the number of
carbon atoms in the incipient carbon particle (�700) as dis-
cussed by [23]. For the constant Ca, a typical value of 3 is
used in the present study [10].

The rates of soot nucleation and growth given by the
reaction steps (R13) and (R14), are taken as

r13 ¼ k13½C2H2�; ð20Þ
r14 ¼ k14f ðAsÞ½C2H2�; ð21Þ

where, k13 = 1.7exp(�7548.0/T) and k14 = 6.0exp(6038.0/
T).

It has been assumed that the functional dependence of
soot surface growth, f (As), on the soot surface area per
unit volume is linear [22]. Following the works of
[12,13,23–25], the rates of soot oxidation steps (R15)–
(R17) are given as

r15 ¼ 120:0
kAX O2

g
1þ kZX O2

þ kBX O2
ð1� gÞ

� �
fO2
; ð22Þ

where g ¼ ð1þ kT
kBX O2

Þ�1.
Also

r16 ¼ /OHk16T�1=2X OHfOH; ð23Þ
r17 ¼ /Ok17T�1=2X O: ð24Þ

In the above expressions, k, X and f denote the reaction
rate constant, mole fraction and a temperature dependent
correction factor, respectively. The values of the constants
/OH and /O, have been taken as 0.12 and 0.5, respectively
[23,25].
2.3. Boundary conditions

The boundary conditions of the problem are shown in
Fig. 1. The bottom surface is taken as an inlet boundary,
where the density, velocity, and concentration of the
incoming species are specified. A parabolic laminar pipe
flow velocity profile has been assigned for the fuel stream.
The mass fractions of all reactants and products species,
except the fuel (Y C2H4

¼ 1Þ are specified as zero in the fuel
inlet. For the air stream, a boundary layer profile is
assumed close to the outer surface of the fuel pipe and a
uniform velocity is prescribed outside it. The mass fractions
of oxygen and nitrogen corresponding to those of normal
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air (YOX = 0 and Y N2
¼ 0:77Þ are specified in the air inlet.

The mass fraction and number density of soot are also
specified as zero at both the fuel and air inlets. The right-
side boundary is specified as an axis of symmetry, while
the left surface is considered as a free boundary. Along
the axis of symmetry, zero gradient condition is applied
to all variables, except the radial velocity component ‘v’,
which is set as v = 0. On the free boundary as well as on
the exit boundary, all the solution variables have been
extrapolated in the direction normal to the boundary using
three point polynomial fits. In addition, the extrapolated
solution thus obtained on the boundary has also been
locally smoothened by considering all the neighbors of
the node. Irradiation from the boundaries is calculated
according to the temperature at the boundary, while the
surroundings were considered as infinite and cold (no radi-
ation emitted or reflected from the surroundings).

2.4. Solution procedure

The governing equations have been discretized using the
finite volume method. A staggered grid has been used in the
present formulation, with pressure nodes located at
the centroids of cells formed by the velocity nodes. A
semi-implicit time marching procedure is used to integrate
the z-momentum and r-momentum equations with respect
to time, for updating the velocities for an assumed (guess)
pressure field. The guess pressure field is corrected depend-
ing upon the magnitude of the continuity residue, by solv-
ing a Poisson equation of the form

r2p0 ¼ constantðr � q�vÞ: ð25Þ
The cell pressures are then updated by adding the pressure
correction p0 at each pressure node, followed by the solu-
tion of the momentum equations again with the updated
pressure field, for correcting the velocity field. The species
conservation equations along with the energy equation
are solved using an explicit time marching scheme with a
smaller time step value for a certain number of inner itera-
tions. The thermo-physical properties which are functions
of temperature are then updated. The reaction rates for
the 17-step kinetic scheme are also calculated at the up-
dated temperature and concentration values. This transient
marching procedure is carried out until a time independent
solution evolves. A certain number of iterations are carried
out initially (for flow solution alone) without solving the
energy and species transport equations. After obtaining
the cold flow solution, a suitable high temperature region
is patched near the jet inlet, so that ignition occurs followed
by sustained combustion. The solution methodology out-
lined above has been implemented using a FORTRAN
code and computations have been carried out on Intel
Pentium III processor based Personal computers, SGI
workstations and HP cluster machines. Typical run time
for each simulation was of the order of 100 h on a non- uni-
form 181 � 121 grid, with a typical flow marching time step
of 10�4 s and a kinetic time step of 10�6 s.
2.5. Grid independence study

In order to assess the sensitivity of the predicted solu-
tions on the grid employed, grid independence studies have
been carried out. Non-uniform grids with finer step sizes
were placed near the burner exit in the z-direction and
between 0 and 1.0dj in the r-direction. The change in the
dimensional maximum temperature (Tmax) with respect to
change in the grid structure was monitored to determine
the grid independence of the predictions. The results of a
typical case with Re = 55 are shown in Table 3. When
the total number of grid points used for the computations
was increased from 181 � 121 to 241 � 181, a change of
only 0.114% with respect to the previous value of Tmaxwas
observed, even though the number of grid points was dou-
bled. Hence, a 181 � 121 grid was employed for all the sub-
sequent calculations.

3. Experimental procedure

A schematic of the experimental set up is shown in
Fig. 2. The experiments have been conducted using an
atmospheric pressure burner of 8.0 mm fuel tube diameter.
Fuel is injected vertically into the fuel tube and co-flow air
is sent through a concentric burner pipe of 99.0 mm inner
diameter. The fuel and air flow rates are varied in the range
1.5–4.2 cm3 s�1 and 58–630 cm3 s�1, respectively (at ambi-
ent temperature). The air passage has been designed to
ensure laminar and uniform velocity distribution (except
for the boundary layer) at the burner exit, while the fuel
passage yields fully developed laminar pipe flow. The fuel
and airflow rates are measured using calibrated rotameters.
Pressure regulators are used to monitor and provide a con-
stant pressure gas supply across the rotameter. Experi-
ments were conducted using industrial quality ethylene
gas with a purity of 99.5% at different Reynolds numbers,
viz. Re = 28, 42, 55 and 70. The luminous ethylene diffu-
sion flames at different Reynolds numbers have been pho-
tographed using a digital camera and analyzed with the
help of standard image-processing software such as Image
J and IrfanView.

Experiments were also carried out with methane (99.5%
purity) for a comparative assessment of the flames. The
effect of co-flowing air velocity has been studied by varying
the air flow rate for each fuel flow rate. Soot deposition
rates (SDR) at different axial locations were obtained by
the method of thermophoretic deposition on a stationary
surface [26]. In this experiment, a proper fixture has been
designed and attached to a traversing mechanism to hold
the stainless steel plate in position for the deposition of
soot. Soot was collected for a period of 25 s at different
axial positions. The plate was covered with aluminum foil
before and after deposition of soot to prevent moisture
absorption.

Visible flame shapes were derived from the digital pho-
tographs by a method of edge detection, using image-pro-
cessing software. This method involves averaging the
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Fig. 2. Schematic of the experimental set up for studying jet diffusion flames.
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frames of photographs extracted from a video of the lami-
nar flame taken for a duration of 15 s. Averaging of the
images is necessary to eliminate the uncertainties in the
flame height measurement due to slight fluctuation or flick-
ering of the flame. The flame boundary is identified by the
edge detection operation, in-built in the software. Edge
detection is straightforward in an ethylene diffusion flame,
due to the existence of soot and associated luminosity.

The individual uncertainties in calculating the area of
the fuel pipe and co-flow air nozzle are 0.23% and 0.28%,
respectively. The uncertainty ‘‘u” of a quantity R, which
is a function of several variables x1, . . . ,xN can be found
with good accuracy using a root-sum-square combination
as

uR ¼
XN

i¼1

ððoR=oxiÞuiÞ2
" #0:5

; ð26Þ

where, ui is the uncertainty in the generic variable xi.Uncer-
tainties for the derived quantities are estimated using this
relation. The uncertainty in mass flow rate measurement
using the rotameter is 0.5%. Other quantities that contrib-
ute to the overall uncertainty in the final result are the flow
velocity and Reynolds number, deposition rate of soot and
the flame height. The uncertainty with velocity measure-
ment and Reynolds number are estimated to be within
±0.81% and ±1.42%, respectively. Temperature measure-
ments are carried out using a calibrated, uncoated R-type
thermocouple with appropriate compensation for radiation
heat loss [27]. The estimated uncertainty in temperature
measurement is within ±40 K. The uncertainty in soot
measurements is within ±1.8% and that of the flame height
is within ±0.38%.
4. Results and discussion

Before embarking upon a detailed discussion of results
from the present study, it was felt desirable to validate
the present model predictions with results available in pub-
lished literature ([14,15]). Using a 64-step detailed kinetic
model, Kennedy et al. [14] simulated the case of ethylene
combustion for the configuration experimentally investi-
gated by Santoro et al. [15]. For the same problem, the
present model with reduced 17-step chemistry provides pre-
dictions of similar accuracy as the detailed chemistry model
[14]. After this validation exercise, a parametric study high-
lighting the effects of Reynolds number on the flame shape,
temperature profile and soot distribution has also been pre-
sented, along with comparisons between the present exper-
imental and numerical results.
4.1. Comparison with published data

Fig. 3 shows the temperature profile as a function of
non-dimensional radius at an axial distance of 70 mm,
for the ethylene diffusion flame corresponding to a fuel flow
rate of 3.85 cm3 s�1 through a fuel pipe of 11.1 mm diam-
eter and co-flow of air at the rate of 713 cm3 s�1, through
a concentric annulus of 102 mm outer diameter. The
detailed kinetic model results of [14] and the experimental
data of [15] for this configuration are also plotted. Predic-
tions for the cases with and without radiation heat transfer
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using the present reduced chemistry model are shown for
comparison. The general features of the radial temperature
profile are reproduced quite well by the present model.
However, the peak temperature value is observed to occur
a little farther from the axis than in the simulations of Ken-
nedy et al. [14]. Although such minor differences exist, in an
overall sense, the present model performs quite well com-
pared to the 64-step detailed kinetic model (in some cases,
even better than the detailed model), especially when radi-
ation heat transfer due to soot, carbon dioxide and water
vapor is taken into account. The effect of radiation from
the flame is to reduce the temperature, as shown in Fig. 3.

In general, all the three numerical models predict a
higher peak temperature as compared to the experimental
data of [15]. Kennedy et al. [14] have indicated some possi-
ble reasons for such deviations observed. In Figs. 4 and 5,
the radial profiles of soot volume fraction and OH mole
fraction predicted by the present model are plotted along
with the corresponding results of [14,15]. In the cases com-
pared, the reduced chemistry model fares better than the
detailed chemistry model, closer to the axis of the flame.
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Fig. 4. Predicted and measured soot volume fractions at x = 50 mm for
the validation problem.
At radial positions far away from the axis, the detailed
chemistry model of Kennedy et al. [14] gives better predic-
tions. The flame radius and reaction zone predicted by the
present model are slightly wider. The slower oxidation of
soot by OH observed in the predictions of the present
model, results in a wider temperature profile in the radial
direction, due to soot radiation. Given the fact that the
chemical kinetics as well as the transport property models
are very different between the earlier and the present work,
the agreement seen in the results is fairly good.

4.2. Results of the parametric study

Numerical simulations and experimental measurements
have been carried out using a fuel pipe of 8 mm inner
diameter, resulting in the fuel jet Reynolds number range
of 28–72. The flame shape, radial and axial temperature
distributions, and the soot mass flux at different heights
within the flame, have been measured and compared with
the numerical predictions at different fuel jet Reynolds
numbers. In the cases studied here, soot which is formed
in the bottom part of the flame gets oxidized in the top part
and eventually very little soot is present beyond the
combustion zone. The terminology ‘‘non-sooting” was pro-
posed by Santoro et al. [15] in order to distinguish such a
diffusion flame that does not emit soot from the tip of
flame; the present experiments mostly correspond to non-
sooting flames, except for the case of Rej = 72, when slight
emission of soot was observed at the flame tip.

Photographs of luminous ethylene diffusion flames at
different Reynolds numbers are shown in Fig. 6. Compar-
isons between the flame heights observed in experiments
and numerical predictions are shown in Fig. 7, for the eth-
ylene flame. Experimental results for methane combustion
are also shown, to illustrate the effect of the fuel employed.
The numerical predictions are in excellent agreement with
the experimental observations. It is also evident that a lin-
ear relationship exists between the Reynolds number and
flame height, for the laminar flow regime considered in
the present study. The trends are also in good agreement



Fig. 6. Ethylene diffusion flame: (a) Re = 28, (b) Re = 42, and Re = 55.
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flame height for different Reynolds numbers.

C.B. Saji et al. / International Journal of Heat and Mass Transfer 51 (2008) 4287–4299 4295
with the correlations proposed by Ropper et al. [4] for cir-
cular port burners. It has been observed that the ethylene
flames are longer and more luminous compared to methane
flames. The higher luminosity is due to the presence of soot
in ethylene flames. The effect of co-flow was also studied by
varying the air velocity (Fig. 8) as equal to 25%, 50%, 75%
and 100% of the fuel jet velocity. No significant change in
flame height was observed with the variation of co-flow air
velocity. This independence with respect to co-flow air
velocity can be attributed to the over-ventilation of the
open diffusion flames under consideration. At the highest
Reynolds number (Re = 72) considered in the present
study, an accurate measurement of flame height was diffi-
cult, because of soot emission from the tip of the flame.
Also, buoyancy effects become important for the taller
flames. Hence, exact linearity of the flame height with
respect to Reynolds number is not observed.

Fig. 9 shows the predicted radial variations of fuel and
oxygen mass fractions at two different Reynolds numbers,
for an axial location corresponding to half of the flame
height. Here, the Reynolds number has been varied by
changing the fuel flow rate. At a higher Reynolds number,
as the flame becomes taller, the lateral spread for the fuel
jet increases. Due to the greater lateral spread as well as
the consumption of fuel in combustion reactions, the fuel
mass fraction value is smaller near the axis for a higher
Reynolds number whereas it is more at larger radial dis-
tances. The oxygen mass fraction distribution, as expected,
displays trends that are opposite to that of fuel mass frac-
tion. The radial profiles of soot volume fraction (Fig. 10)
show that maximum soot fraction occurs away from the
axis at half the flame height. Also, the location of maxi-
mum shifts further away from the axis with Reynolds num-
ber, due to the increase in size (both radial and axial) of the
flame zone.
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The total soot deposition rates measured using the ther-
mophoretic deposition technique are shown in Fig. 11, at
different axial distances and Reynolds numbers. For the
sake of clarity, the experimental data have also been fitted
by curves that are shown as continuous and dotted lines in
the figure. In all these cases presented, a complete burnout
of soot is observed towards the tip of the flame. It is also
clearly seen that in the bottom part of the flame, soot con-
centration increases (and hence collection rate also
increases) due to the soot formation reactions. In the top
part of the flame, soot decreases due to the oxidation steps.
The height of the formation and depletion zones are not
exactly equal – the oxidation region is relatively shorter
than the formation zone for soot.

In any soot collection technique, the collection efficiency
cannot be 100% and hence it is difficult to make an exact
comparison between theory and experiment for the total
soot flux. In order to avoid this difficulty, a plot of the
dimensionless soot flux crossing an axial station (for the-
ory) or the dimensionless soot flux collected at an axial
location (in experiment) are plotted in Figs. 12a and 12b.
The normalisation has been carried out using the maxi-
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Fig. 11. Variation of total soot deposition rate (experimental) with axial
distance at different Reynolds numbers.
mum flux of soot crossing or collected in a particular flame
as the scaling factor, for the results shown in these figures.
For all the three cases, the positions of the peak soot flux
are predicted well by the present model, as compared to
the corresponding experimental results. However, the soot
burnout at the tip of the flame occurs slightly earlier in the
experiments than predicted by the simulations. This varia-
tion can be attributed to the heat loss from the flame to the
plate inserted for the measurement of soot. The reduction
in temperature results in enhanced OH production and
early burnout of soot.

The predicted mole fraction contours of CO2, H2O and
soot are shown in Fig. 13a–c, respectively. The carbon
dioxide and water vapour contours show maximum values
within an axial distance of about 2–3 diameters, implying
that the major combustion reactions occur in this zone.
Kinetic steps for soot involving nucleation, surface growth,
coagulation and finally oxidation, extend up to almost an
axial distance of 12 diameters. The spreading out of carbon
dioxide and water vapour contours at larger axial distances
implies convective–diffusive transport of these species,
while soot is completely oxidised at the tip of the visible
flame (see Fig. 4).

Comparisons between the predicted temperature profiles
and the corresponding experimental results for Re = 55 at



Fig. 13. Contour plots for Re = 55: (a) CO2 mole fraction (b) H2O mole
fraction (c) soot volume fraction.
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dimensionless axial distances (x/dj) of 2.5 and 10, are
shown in Figs. 14 and 15, respectively. The predictions
have been carried out for the cases with and without radi-
ative heat transfer. The numerical predictions show reason-
able agreement with the experimental results for both the
axial distances. An error of about 150 �C occurs in the peak
temperature if radiation effects are ignored and the accu-
racy of the prediction improves after including the radia-
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Fig. 14. Predicted and measured temperature profiles at Re = 55 for an
axial distance of x/dj = 2.5.
tive heat transfer. Another interesting fact is that the
location of the maximum deviation between the predictions
of the model with radiation and that without radiation,
coincide with the locations of maximum soot concentra-
tion, for both the axial sections. Thus, it is quite clear that
soot plays an important role in distributing the heat gener-
ated by combustion through emission of radiation.
5. Conclusions

In this paper, axi-symmetric laminar ethylene–air diffu-
sion flame has been numerically studied, with a reduced
reaction kinetics involving sixteen species along with mod-
els for soot and radiation. Predictions of temperature, soot
volume fraction and selected species are carried out and
compared with earlier experimental as well as numerical
results available in published literature. The results pre-
dicted with the present numerical model provide results
that are at least as accurate as the predictions of the earlier
detailed chemistry model, implying that if reduced chemis-
try steps are taken judiciously to represent all the impor-
tant kinetic steps, it is possible to obtain fairly good
predictions. Experiments and numerical simulations were
also performed to study the effects of varying fuel and
co-flow air velocities on ethylene diffusion flame character-
istics. The results indicate that while major combustion
reactions occur close to the burner mouth, the soot kinetics
extend to a much larger distance. The inclusion of soot and
radiation models improves the prediction of temperature
and the peak temperature reduces by about 150 �C if radi-
ative heat transfer is included. The flame size increases both
axially and radially with fuel jet Reynolds number, and
correspondingly the soot formation as well as oxidation
zone sizes also increase. The velocity of co-flow air has very
little effect on the combustion characteristics of the open
diffusion flames studied here. The excellent comparison
between the numerical and experimental results of the pres-
ent study indicate that similar kinetic and transport models
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can be employed for modeling the luminous diffusion
flames occurring in many practical situations.
Appendix. Calculations of properties

As mentioned earlier in the text, thermo-physical prop-
erties have been evaluated using the Chapman–Enskog
description of ideal gas mixtures [16]. The relations used
for the evaluation of each of these properties are given
below.

The density of the mixture is given by

q ¼ p
RuT

Mmix; ð1Þ

where Ru is the universal gas constant and Mmix is the mo-
lar mass of the gaseous mixture at the particular location.
For evaluating the specific heats of all the species, piece-
wise polynomials in temperature of the form CP = aT +
bT2 + cT3 + dT4 + eT5 have been used [21,28–30].

The viscosities and thermal conductivities for different
species have been evaluated using the expressions

l ¼ 2:6693� 10�6
ffiffiffiffiffiffiffi
TM
p

r2Xl
; ð2Þ

k ¼ CP þ
5

4

Ru

M

� �
l; ð3Þ

where r is the hard sphere collision diameter [16] in Å and
Xl is a function of normalized temperature T * (tempera-
ture scaled by e/k). The quantities r and e/k are available
in [16,21]. The binary mass diffusivity for a pair of species
A and B is calculated by the empirical formula [16]

DAB ¼
0:0266

ffiffiffiffiffi
T 3
p

P
ffiffiffiffiffiffiffiffiffi
MAB
p

r2
ABXD

; ð4Þ

where rAB ¼ rAþrB
2

and XD is a function of T*. Also, the mix-
ture molecular weight is given by MAB ¼ 2=ð 1

MA
þ 1

MB
Þ.

The mixture properties are evaluated using the ideal gas
mixture formulation as

q ¼
X

i

qiY i; ð5Þ

CP ¼
X

i

CPiY i; ð6Þ

lmix ¼
Xn

i¼1

Y iliPn
j¼1Y j/ij

; ð7Þ

kmix ¼
Xn

i¼1

Y ikiPn
j¼1Y j/ij

; ð8Þ

where the function /ij is given by [16]

/ij ¼
1ffiffiffi
8
p 1þ Mi
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