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ABSTRACT

The current work describes a multi-dimensional
Computational Fluid Dynamics study of an in-house helium
stabilized, laminar premixed flat flame, with an emphasis on
the radiation modelling. The experimental work first deals with
the post flame instability induced by the difference of gas
densities at the downstream and upstream of the flat flame. A
non-intrusive method which is addressed as helium stabilization
is developed, where helium enters the chamber as a co-flow jet
to dilute the combustion products and hence minimize the
difference of gas densities between downstream and upstream
of the flame. A thermometry method based on infrared
emission and absorption by carbon dioxide between 2100 and
2400 cm™ is then applied for temperature measurement. In the
numerical efforts, a sooting flame with an equivalence ratio
value of 2.15 is simulated. The associated experimental
temperature and soot volume fraction profiles at different
heights along the axial direction are used to validate a local
time stepping (LTS) based solver. Radiation of the both gas and
soot is taken into account. For the gas phase species, a Wide
Band Box model is incorporated into the solver to account for
thermal radiation from CO, and H,O and the model parameters
are calculated using HITRAN2012 radiation database. On the
other hand, the soot absorption coefficient is calculated using
the relation based on the associated soot volume fraction and
local cell temperature. Results generated using the Weighted
Sum of Gray Gases (WSGG) model are also included for
comparison purposes. The temperature profile calculated using
the Wide Band Box model is found closer to the measurements,
as compared to those predicted using the WSGG model. The
soot volume fraction calculated by the former are also closer to
the measurement for the first 30 mm from the burner exit but
both models overestimate the soot volume fraction at a further
downstream location. The current results showed that the LTS
solver predict the temperature and soot volume fraction of the
stabilized, laminar premixed flames reasonably well. The solver
can be used to examine more comprehensive yet computational
expensive radiation submodels.
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NOMENCLATURES

a, o absorption coefficient, reaction order, soot model constant

b reaction order, soot model constant

c soot concentration

Cn, Cs soot model constant

f linear branching coefficient

fe mass fraction of carbon in the fuel material

g linear termination coefficient

Jo coefficient of linear termination of radical nuclei on soot
particles

| P P local spectral intensity, blackbody spectral intensity

mp mass of soot particle

No spontaneous formation of radical nuclei from the fuel

Na Avogadro number

Pco2, PH20 partial pressures of CO, and H,O

P pressure

S band intensity

source term for formation of nuclei and soot
source term for combustion of nuclei and soot

snuclei,f ’ Ssool‘f

Shuctei,cr Ssom,c

r position

s direction

t time

T, Ta local temperature, activation temperature
Xn specific concentration of radical nuclei
Yivel » Ys mass fraction of fuel, mass fraction of soot

Greek symbols

r diffusive coefficient

K absorption coefficient
Yz fluid density
e effective band width

Abbreviations

CFD computational fluid dynamics

DOM Discrete Ordinate Method

LTS local time stepping

OpenFOAM Open Field Operation and Manipulation
RTE radiative transport equation

SVF soot volume fraction

WSGG Weighted Sum of Gray Gases
INTRODUCTION

Since the past decades, various premixed flame experiments
have been carried out to study the associated fundamental
features [1]. This flame type is of main interest due to its
simplicity as the interaction with turbulence and the diffusion
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between the fuel and air do not exist. However, evolution of the
soot particles i.e. competition between soot formation and
oxidation as well as radiation in this type of flame are still
among the challenging topics. In parallel to the experimental
development, one-dimensional model [2], for instance the
PREMIX code is executively designed to compute species
concentration and temperature profiles of steady state burner-
stabilized and freely propagating laminar flames. This is useful
to study chemical kinetics of various hydrocarbon fuels and the
associated transport properties in a cost-effective manner. On
the other hand, multi-dimensional computational fluid
dynamics (CFD) simulations have also been used to couple the
flow, chemical kinetics, radiation and soot models. In terms of
radiation modelling, discrete ordinate method (DOM) is applied
to solve the radiative transport equation (RTE). The radiation
submodels for species absorption/emission and their respective
effects on the overall heat transfer modelling are also studied.
In addition to this, multi-step soot models can be implemented
to predict the soot formation and oxidation processes. The
temporal and spatial evolution of soot particles and the
associated size growth have a great influence to the overall
radiative heat transfer event, vice-versa.

In recent years, Open Field Operation and Manipulation
(OpenFOAM) [3] code has been gaining great attention
amongst CFD community due to its open-source feature which
facilitates modification of the standard release code and also the
integration of new models. This allows sharing within both the
academia and industrial community. Although various
researchers have developed different reacting flow solvers on
this platform for their respective applications, its
implementation for radiation modelling remains limited. The
standard radiation library in OpenFOAM provides P1 [4] and
finite volume DOM [5],[6] for the solution of RTE. For
modelling the absorption/emission of participating species, a
narrow band model [7] and a simple wide band model are
available. Unfortunately, these models are not widely validated.
In heat transfer applications, implementation of band models in
the prediction of total emission and absorption is more
desirable over the use of an entire band [4]. Calculation of band
emission/absorption using line-by-line and narrow band models
is computationally very expensive [8]. The computational cost
further escalates when simulations is coupled with fluid flow
and chemical kinetics.

In the current work, a Wide Band Box model is
implemented into the OpenFOAM library. Its validity is
examined using experimental data of an in-house, helium
stabilized laminar premixed flat flame [9]. Measurements of a
sooting flame are used. The main advantage of the current setup
is that soot formation overwhelms soot oxidation and the latter
can be neglected in the simulation. A description of the
experimental setup is given in the next section. It is then
followed by the model formulation, with an emphasis on the
soot and radiation models. Subsequently, results and
discussions are presented. The final section presents the main
conclusion of this work.
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EXPERIMENTAL SETUP

Figure 1 illustrates the in-house experimental setup. The flat
flame burner used in the current experiment is the standard
bronze McKenna burner. The work firstly deals with the post
flame instability induced by the difference of gas densities at
the downstream and upstream of the laminar premixed flat
flame. A non-intrusive method which is addressed as helium
stabilization is developed. The working principle of helium
stabilization is equalizing the gas densities by diluting the
surrounding gas at the downstream of the flame with helium.
To achieve this, the experimental setup is designed such that
the premixed fuel/air charge entered the combustion chamber
through the center inlet while the helium gas entered as a co-
flow jet at a low velocity. As the combustion chamber is filled
with helium, the soot oxidant, oxygen is flushed off and soot
oxidation can be omitted.

The stabilized flame is uniform and highly lifted. These
features are appropriate for optical line of sight diagnostics in
both pre- and post-combustion regions. Temperature and soot
volume fraction along the axial direction up to the height of 150
mm above the burner surface are measured in the experiment.
A thermometry method based on infra-red emission and
absorption by carbon dioxide (CO,) between 2100 and 2400
cm™ is developed for temperature measurement of the premixed
flat flame. The detection is performed with a Nicolet 6700
Fourier transform infra-red spectrometer. With the proper
installation and measurement procedure, the method is capable
to detect the temperature of the flame core within the precision
of +/- 1 %, in spite of the line of sight principle. On the other
hand, the light transmission method is used to measure the soot
concentration given in terms of soot volume fraction. The
transmission of visible light is measured using the combination
of an Ocean Optics USB4000 VIS-NIR spectrometer, a green
light-emitting diode light source, quartz lenses and quartz
windows. Premixed flames formed by various fuel types at
wide ranges of equivalent ratio are investigated in the
experiment. The flames with different equivalence ratios are
produced by controlling the flow rate of fuel and air utilizing a
Hovagas G6 gas mixer. A more detailed description of the
experimental setup and temperature/soot volume fraction
measurements can be found in [9].

Figure 1 Front view of the combustion chamber (left) and top
view of the McKenna burner where A is the premixed charge
inlet while B is the helium co-flow (right)
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NUMERICAL METHOD

Development of the solver and the performance
benchmarking exercise in this work are carried out using
OpenFOAM version 2.0.x. Figure 2 depicts the reflected 4-
degree sector computational grid. This domain is used to
represent a section of the combustion chamber used for the
laminar premixed flame experiments as shown in Figure 1(a).
Based on the mesh sensitivity analysis, fine mesh resolution is
required at the regimes above the premixed charge inlet in the
flow direction in order to deal with the high species and
temperature gradients along the combustion process. As such,
the smallest mesh size at the axial direction is set to 0.01 mm.
This mesh configuration is found sensitive to predict the change
of laminar flame speed and hence the heat loss and flame
temperature near the burner surface when the pre-exponential
factor is varied. The final computational grid consists of 114k
cells. Further refinement in the spatial resolution does not
further improve the results. Similar to the experimental setup,
the grid accounted for two inlets. The premixed charge of
ethylene fuel and air enters the domain through the inlet at the
center at a velocity of 0.135 m/s. In the presented case, the inlet
gas has a composition of ethylene, O, and N, with mass
fraction of 0.1282, 0.2031 and 0.6687, respectively. Helium gas
flows into the domain as a co-flow at a low velocity of 0.048
m/s. The domain also accounts for an internal wall such that the
helium gas can be trapped to stabilize the flame.

Internal
wall

Fine resolution
next to the internal
wall

A for reflection

Premized
charge inlet

Helium
co-flow inlet

Fine resolution on top of premixed charge inlet

Figure 2 2-D computational domain of the combustion
chamber
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A Local Time Stepping (LTS) based solver is used to
increase the computational efficiency. More detailed
descriptions of the mesh configuration, boundary conditions,
LTS model formulation can be found in [10]. By taking the
advantage that chemical equilibrium is reached in the current
case, a customized global, irreversible chemical reaction,
5C2H4+702—>9CO+C02+7H2+3H20 is applled A
simplification on the formulation soot model is also allowed, as
presented next.

Magnussen Soot Model

The Magnussen model [11] is used whereby two transport
equations as described by Equations (1) and (2) are solved for
the specific concentration of radical nuclei, Xy and the soot
mass fraction, Ys, respectively.

opXy

1)
)

+V'(p\7XN):V'(ll'lv>(N)+Snuclei,f +3S

nuclei,c

Y,
%*V‘(pws):V'(ﬂVYs)+Ssout,f +3

soot,c

Xy can be interpreted in the form of number of soot particles
per unit volume, N while Ys can be used to calculate the soot
volume fraction, f,. The latter are then compared against the
experimental data. This concept resembles that of other multi-
step soot models proposed by Leung and Lindstedt model [12]
and Moss et al. [13] which implement the similar transport
equations. In other words, only different soot formation and
oxidation submodels are used to define the source term. Here,
the source terms for formation of nuclei, Spycieis and SO0, Seoot s
are calculated using the empirical models of Tesner et al. [14]
as shown below,

3)
(4)

S
S

=Ny +(f _g)CN - gocwcs
m, (a-bC;)C,

nuclei, f

soot, f —

In Equation (3), f and g denote the linear branching coefficient
and the linear termination coefficient, respectively. gq is the
coefficient of linear termination of radical nuclei on soot
particles. The remaining soot model parameters are calculated
as follows,

T

Ny =8,Y et o EXP( Tao) ©)

Cy = PN, Xy (6)

C, =pls (7)
m

p

ng is defined as the spontaneous formation of radical nuclei
from the fuel. It is modelled based on the Arrhenius expression
and is fuel dependent. Yy, denotes the mass fraction of fuel
while f; is the mass fraction of carbon in the fuel material which
is set as 24/26. T, represents the activation temperature here.
N in Equation (6) is the Avogadro number. Lastly, the m in
Equation (7) is the mass of soot particle. As aforementioned,
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the premixed flame is surrounded by inert gas, helium. Soot
oxidation is hence negligible. Source terms for combustion of
nuclei, Spuceic and soot, Seqrc are set to zero. Soot model
parameters are calibrated to reproduce the experimental soot
amount. The model constant values implemented are
summarized in Table 1.

Table 1 Soot model parameters calibrated to achieve the
measured soot volume fractions

Model parameters

ag 3.32x 10" mol/kg/s
Tao 83000 K
(f-9) 100 1/s

do 1.63 x 10" m*/mol/s

a 1x10° 1/s

b 4.82 x 10 m¥/mol/s

Wide Band Box Radiation Model

In this section, the model description focuses on the RTE
and the Wide Band Box model which is integrated to the
submodel library. For an absorbing, emitting and non-scattering
medium at position ¥ and direction §, the RTE is given as

dlq(F,§)
ds

)

-k, 1,(r,s)+x, 1,,(r,s)

where 1, and I,, represent the local and blackbody spectral
intensity, respectively. k, represents the spectral absorption
coefficient of participating species. This equation describes the
rate of change of radiation intensity at position r along the
path ds and in the direction 5. The RTE is solved using DOM
along 64 ordinates in the current work. The DOM requires the
absorption coefficient as an input. In current case, CO,, H,O
and soot are considered to be the participating species. The
absorption coefficients for CO,, H,O are calculated using the
spectral Wide Band Box model.

The box or ‘top-hat’ model proposed by Penner [15] is the
simplest wide band model. It approximates a given band with a
rectangular box. The width of the band is calculated as
‘effective band width’, Aw, and the height of the band is
determined by a mean absorption coefficient, . For a given
band, ‘i’, the mean absorption coefficient is assumed to be
constant in the given band and is related to band intensity by

. (10)

The band intensity can be calculated as

S, = I K, dn 11

band

For a gas mixture of H,O and CO,, the absorption
coefficient of the mixture is obtained by simply adding the
absorption coefficients of the individual species.

Kpg; =KnH0i Py,0+KnCO, i Peo, (12)
where p represents the partial pressure of each specie. The
radiation model access the concentration of each participating
species directly from the reacting flow solver. In addition to
this, the band overlap error is also taken into consideration in
the current Wide Band Box model. Modest [4] as well as Liu
and Zhang [16] used exponential Wide Band model and first
law of quantum mechanics, respectively to calculate the band
mean absorption coefficients for a given species in their
simulations. The current study proposes new polynomial
relations to calculate the mean absorption coefficient of H,0O
and CO, in a given band. The polynomial relations are
developed by calculating the absorption coefficients of H,O and
CO, from latest edition of spectral radiation database
HITRAN2012. For each gaseous specie and a given band, the
calculations are carried out for mole fraction of 1.0 and at
temperatures of 300 K, 600 K, 1000 K, 1500 K, 2000 K and
2500 K. A polynomial data fitting is then conducted.
Polynomial coefficients for both H,O and CO, can be found in
Table 2.

2 3
Kng; =C +cT+c,T +c,T

(13)

Table 2 Absorption coefficients for the Wide Band Box Model

Band, um
2.5-3.0 4.0-4.65 4.8-8.0 12.5-25.0

co,

Co 25 15.328 87.044

C1 -2.232x10? -1.6866 -0.13197

C2 1.2416x10°  9.4148x10™* 7.2501x10°®

Cs -2.3398x10°  -1.7557x10” -1.3355x10
H,0

Co 44,53 48.843 -19.268

C1 -6.762x10 -7.324x10* 9.0457x107?

C 3.7529x10° 4.0495x10°  -5.3833x10°

Cs -6.9523x107° -7.5037x10°  9.1218x10°
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Soot has a continuous spectrum and the radiative properties
of soot depend on its concentration and distribution in the flame
[17]. By considering that soot particle sizes are generally very
small, these particles are assumed to be non-scattering and the
soot absorption coefficient is taken in the Rayleigh scattering
limit. In this study the soot absorption coefficient is calculated
as [18].

K,y soor = 2370 £,T (14)

Here, f, and T denote the soot volume fraction and local
temperature, respectively. The total spectral absorption
coefficient for the gas-soot mixture is then calculated as [19]

K K

" +K

7,500t K

= K’?v 7,9 j""n,soot (15)

9i
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COMPARISONS OF TEMPEATURARE AND SOOT
VOLUME FRACTION PROFILES

Here, comparisons are made between the experimental
measurement and simulated temperature profiles when different
radiation modelling approaches are used. WSGG model results
are extracted from the previous work [10]. The soot volume
fraction recorded in the experiment is also used to evaluate the
effects of temperature on soot formation. Figure 3 depicts the
experimental and simulated temperature generated by WSGG
and Wide Band Box models.

2200

» Measurements

2000 + ——WSGG model (gas)
_ —--WSGG model (gas and soot)

< 1800 + . \:\ \\\\\ —Box Model
E/ >
2 1600
I
g8
£ 1400 -
2

1200 -

1000 -

800

40 60 80 100 120 140
Height above burner Surface (mm)

20 160

Figure 3 Comparisons of experimental measurement and
simulated temperature profiles using different radiation models

In general, the drop of flame temperature at higher axial
position is predicted by all the models. An evaluation of WSGG
model shows that the use of fitting coefficients for gas-phase
radiation is insufficient to capture the radiative heat loss of the
rich and sooty flame. The prediction is improved by
substituting the submodel with the model which incorporates
soot radiation. The radiative heat loss is more significant and
associated temperature profile is closer to the experimental
measurement, suggesting the importance of soot radiation in
this case. In case of WSGG model, the simulated results show
steeper gradients i.e. the drop of temperature is greater. This
could be attributed to the pyoo/pco? ratio. The pyao/pco? ratio in
the test case approximates 3 but the data set used here is meant
for a ratio of 2. Further improvement is required by applying a
more appropriate set of fitting coefficients for the radiation
modelling of WSGG model. On the other hand, the Wide Band
Box model is independent from the puo/pco. ratio. The axial
temperature predicted using the Wide Band Box model is
consistently higher and closer to the measurement in case of
Wide Band Box model. From the height of 120 mm to 150 mm,
the Wide Band Box model predicts the temperature profile in
good agreement with the measured values.
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300 K 1836 K
Figure 4 Comparisons of (a) experimental flame image against
temperature contours [3] simulated by Wide Band Box Model

The temperature contours computed by Wide Band Box
model are compared to the experimental flame image in Figure
4. As illustrated, the flame lift-off observed in the experiment is
replicated using the current customized reaction. Replication of
this feature is significant to produce the upstream temperature.
Otherwise, with the use of the original pre-exponential factor, a
high flame speed is produced and the associated flame
transports nearer to the cold burner surface. The heat loss due to
convection is high and hence the predicted flame temperature
near the burner surface is lower. It is noteworthy that once the
flame is lifted up, a further reduction of the value does not
influence the flame temperature anymore. Also, when the value
is too small, a low laminar flame speed is yielded and the flame
does not stabilize but a flame “blow-off” phenomenon is
observed [20].
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3.0 1
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/ + Measurements

154 ]!
——WSGG model (gas)
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—Box Model

1.0 A

Soot volume fraction x 108 (-)

0.5 A

0.0

40 60 80 100 120 140
Height above burner Surface (mm)

20 160

Figure 5 Comparisons of experimental measurement and
simulated soot volume fraction profiles using different radiation
models

Figure 5 illustrates the comparison of measured and simulated
soot volume fraction. As demonstrated, the soot volume
fraction calculated, with only gas-phase radiation is much
greater as compared to the measurement. This is attributed to
the inaccurate associated temperature prediction. At higher
simulated local temperature, more soot is formed and an
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overestimation of soot volume fraction is observed. The overall
soot volume fraction prediction is improved when the soot
radiation is considered by the WSGG model, particularly at the
height of below 20 mm above the burner surface. It is however,
overestimated when the height increases. Similar trend is also
observed when the Wide Band Box model is implemented.
Besides these, it is worth mentioning that a speedup of
approximately fourteen-fold is achieved using the LTS based
solved, as compared to the computational runtime required by
the counterpart transient solver [10].

CONCLUSION

The current paper describes experimental and numerical
investigation of the in-house helium stabilized, laminar
premixed flat. The helium stabilization method is developed
and successfully addresses the post flame instability induced by
the difference of gas densities at the downstream and upstream
of the flat flame. This facilitates the measurement of
temperature and combustion product concentration. Also, due
to the chemical equilibrium and absence of soot oxidation in
this flame setup, simplifications can be carried out on the
formulation of chemical and soot models. The focus can then
be put on validation of the radiation model. A parametric study
showed that soot radiation has great effects on the temperature
and soot volume fraction predictions of the sooting flame. The
temperature profile calculated using the Wide Band Box model
is found closer to the measurements, as compared to those
predicted using the Weighted Sum of Gray Gas model. The
soot volume fraction calculated by the former are also closer to
the measurement for the first 30 mm from the burner exit but
both models overestimate the soot volume fraction at a further
downstream location. The current solver has been proved to
predict the temperature and soot volume fraction of the
stabilized, laminar premixed flames reasonably well. With such
expedited calculation, the local time stepping based solver is
also seen as a useful tool to examine more comprehensive yet
computational expensive radiation submodels.
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