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In this paper a numerical technique is presented to predict the image of a free
flame in the visible spectrum range from the computational results obtained with a
fluid flow and combustion code. The numerical technique is composed of two sub-
models. The first one is a mathematical model based on the solution of the time-
averaged form of the conservation equations for mass, momentum and energy. The
output results are used as input data for the second submodel which is able to predict
the flame image/brightness. This submodel is based on the integration of the radiative
heat transfer equation along selected directions. The basic assumption of this sub-
model is that radiation is mainly due to soot in the visible range of the spectrum. The
model was applied to a turbulent propane free flame for which experimental tempera-
ture measurements and digitized flame images were available. The predicted tempera-
tures are in reasonable agreement with the experimental data, and the shape of the
predicted flame image is qualitatively similar to that of the digitized flame image.
Overall, the model proved to be a useful engineering predictive tool for numerical
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visualization of sooty flames.
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1. Introduction

The optimum operation of a furnace depends
upon the flame characteristics which influence the
efficiency, pollutant emission and overall safety of the
installations. Therefore, flame visualization is very
important in the control of industrial furnaces and
power plants. Many furnaces have already installed
normal CCD cameras that detect the flame in the
visible spectrum range. From the digitized flame
image, several relevant features related with the
performance of the burning process can be extracted.
These features can be used by a flame classifier
designed and optimized according to previously
acquired standard patterns”. Each flame class corre-
sponds to a specific operating point of the furnace.
Therefore, this information can be used for monitor-
ing and diagnosis and fed back to the control and
rvisor systems.

* Received 23rd February, 1993.

** Instituto Superior Técnico, Technical University of
Lis Mechanical Engineering Department, Av.
Rovisco Paris, 1096 Lisboa Codex, Portugal

D Eag § i Sl SO Sy (I (R,

Although radiation transfer in the visible range
has been studied for many decades, we are not aware
of any studies related to the attempt to predict a
turbulent flame image. Nevertheless, the above dis-
cussion has shown that a predictive method of the
digitized flame image may serve as a powerful tool in
design and on-line operation control strategies of
practical combustion systems. Thus, the main objec-
tive of the present work is to outline an engineering
predictive tool to simulate a CCD camera image.

The numerical technique developed is composed
of two submodels. The first one is a mathematical
model for the prediction of the flame properties based
on the solution of the time-averaged form of the
conservation equations for mass, momentum and
energy. This model must provide the information
required by the second submodel (absorption
coefficient and temperature distribution) and its
details are not important for our objective: the pre-
diction of flame images. Any other model allowing the
calculation of those properties can be used. The
second submodel, which is able to predict the flame
image/brightness, relies on the assumption that radia-
tion in the visible range of the spectrum is mainly due
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to soot. It is based on the integration of the radiative
heat transfer equation along selected directions.

The next section describes the mathematical and
numerical models used to predict the flow field, the
chemical species and temperature distributions, and
the absorption coefficient of the medium. This is
followed in the third section by a description of the
numerical procedure used to predict the flame image.
The results obtained for a vertical turbulent propane
free flame are described in the fourth section and the
paper ends with a summary of the study.

2. Prediction of Flame Properties

To predict the flame image, it is necessary to
know the temperature field and the absorption
coefficient of the medium. The procedure used to
calculate these quantities is irrelevant as far as the
flame image prediction is concerned. An outline of the
mathematical model used in the present study to
predict the flame properties is given below. However,
other fluid flow and combustion codes may also be
used.

2.1 Mean flow conservation equations

The incompressible, time-averaged forms of the
conservation equations for mass, momentum and
scalar quantities for a steady turbulent high Reynolds
number flow with chemical reaction can be written, in
Cartesian coordinates, as follows:
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where U; and u; are the mean and fluctuating velocity
components along direction x, respectively, p is the
pressure, o is the density, @ and @ stand for the mean
and fluctuating values of scalar properties such as
temperature, enthalpy and mixture fraction, Se repre-
sents a source/sink of the scalar quantity and the
angle brackets denote a mean value.
2.2 Turbulence model

The mean flow equations are closed by the k-¢
eddy viscosity/diffusivity model which comprises
transport equations for the turbulent kinetic energy,
k, its dissipation rate, €, and constitutive relations for
the Reynolds stresses <uiu;» and turbulent scalar
fluxes
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In these equations P is the production of turbulent
kinetic energy and Jy; is the Kronecker tensor. The
eddy viscosity g and the characteristic time s
of the turbulent mechanical field z, are given by .=

p? A'
pr? and n=

%, respectively. Standard values

were assigned to all the constants of the model® : C..
cEl; Cez, Ok, Ok, and os.

The calculation of fluctuations of a scalar quan-
tity requires the solution of a transport equation for
the variance <% :
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where P, and &, are the production and dissipation
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rates of scalar 6, respectively. In the majority of the
previous studies, the dissipation rate of the scalar
variance &s has been calculated assuming that the
ratio of the characteristic time scale of turbulent
mechanical and scalar fields is constant. Hence, €5 is
given by :

250—*‘<02> (10)

and a constant value is prescribed for R. However, it
has been shown experimentally® that under buoyancy
effects (or chemical reaction), the value of R is not
constant and it can be rather different from 0.5 (a
value generally accepted for passive scalar disper-
sion). Hence, a more general and physically meaning-
ful route to calculate s is to solve a transport equa-
tion for this quantity (see, e.g., Ref.4) :
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In related studies, the following values were as-
signed to the constants: Cp1=1.3 (see Ref.5), Cpo=
0.72 (see Ref.6), Cp1=2.03 and Cp>=0.88 (see Ref. 7).
In the present study, the values of the constants Cr1
and Cp, were increased by 15% since the new con-
stants vield better agreement with the experimental
data.

2.3 Combustion model

The instantaneous scalar field was obtained using

the laminar flamelet model® for propane-air diffusion

flames. The stochastic behavior of the turbulence is
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introduced by means of a pdf of the mixture fraction,
which is supposed to obey a clipped normal
distribution®. The mean values of density, tempera-
ture and concentration of the species Ci;Hs, Oz, N,
CO,, CO, OH, O, H,0, H> and H were obtained by inte-
gration of the relationships between those variables
and the mixture fraction weighted by the pdf, over the
mixture fraction range. When flame radiation is
accounted for, the relationship between instantaneous
values of enthalpy and mixture fraction is no longer
linear. In this study, a piecewise linear relationship
was assumed??,
2.4 Soot formation and oxidation models

The distinctive feature of a propane flame is its
significant soot content which influences the optical
behavior of the flame. Soot concentration was
predicted by solving the scalar transport equation
(3) with the source term calculated as the difference
between the soot formation rate Sy and the soot
consumption rate S.. A simple global expression?
was chosen to characterize soot production :

Sy=Cspud”™ exp ( (12)

fi>
RT,/
where p, is the partial pressure of the fuel, ¢ is the
equivalence ratio, £ is the activation energy, R is the
gas constant and 7, is the gas temperature. The
following values were assigned to the constants of the
model: C;=0.01 kgN™'m™'s™", and »=3. Soot pro-
duction is essentially zero for equivalence ratios, ¢,
lower than the incipient sooting limit and higher than
a value corresponding roughly to the upper flam-
mability limit. These lower and upper limits were set
to be 2 and 8, respectively.

A simple method to estimate the soot burning
rate has been proposed by Magnussen and
Hjertager® who, following conventional turbulence
concepts, presume that the mixing rate is proportional
to the soot concentration and to the reciprocal of the
time scale of the turbulent mechanical field 7. Their
expression for the soot consumption rate is:

Sa=Ams(elk) (13)
where A is a constant of the model and m, is the soot
mass fraction. This relation is not satisfactory in
regions where the reaction rate is limited by oxygen
deficiency. In this case Magnussen and Hjertager
propose :

_ Mox (€
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where ss and sz are the soot and fuel stoichiometric
ratios, and m: and mis, are the oxygen and fuel mass
fractions, respectively. The alternative which yields
the smallest consumption rate is used.
2.5 Radiation Model
The discrete transfer method®®, which combines
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the virtues of the zonal, Monte Carlo and flux
methods, was applied in the present study. The emis-
sivity of the medium was calculated using the mixed
grey and clear gas formulation®® extended to account
for soot. The constants and weighting coefficients
determined by Truelove® were employed.

2.6 Numerical Model

The governing equations are solved using a
finite-volume/finite difference method and employing
a staggered grid variable arrangement. The equations
are integrated over each control volume in the
computational domain and the Gauss divergence theo-
rem is applied. In the discretization procedure, the
fluxes through the boundaries of each control volume
must be related with the nodal values. The diffusive
terms are discretized using central differences and the
convective terms are discretized using the hybrid
upwind/central difference scheme.

An elliptic solver especially adapted for free flows
and in particular for free jets was used in the
computations*®. Boundary conditions are prescribed
along all boundaries. At a distance far enough from
the jet centerline, atmospheric pressure is prescribed
and entrainment velocities are implicitly calculated
using the radial momentum equation. The SIMPLE
algorithm was chosen for the pressure-correction
scheme and the strongly implicit procedure was em-
ployed for the solution of the algebraic sets of discret-
ized equations.

3. Prediction of Flame Image

The flame properties predicted by the model
described above are used as input data for the tech-
nique developed for the prediction of the flame image.

The basic assumptions of the numerical model for
the prediction of the flame image/brightness are the
following.

(i) The CCD camera only detects radiation in the
visible range of the spectrum. This assumption is a
good one provided that the CCD camera has an appro-
priate filter.

(ii) For the propane flame considered here, radia-
tion in the visible range is mainly due to soot. This is
a good assumption since the main absorption bands of
the combustion gas products are all located in the
infrared range of the spectrum. The contribution
from CH, OH and C, has been neglected as well as
transitions of electrons between energy levels.

(iii) Once the temperature and species concentra-
tion fields are known, the mean absorption coefficient
can be related with the spectral one via the Planck’s
mean absorption coefficient. This assumption is valid
for an optically thin medium. Therefore, the control
volumes should be small enough to ensure that this
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assumption is valid.
(RTE) in a
Lagrangian coordinate system can be written as:

1d._ _ Oy
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(15)
where [, is the spectral radiation intensity, x., 0, and
7, are the spectral absorption, scattering and emission
coefficients, respectively, and ¢ is the velocity of light
in the medium. The phase function ©@.(§—3;
V'—v)dQ'dv' |4 represents the probability that radia-
tion of frequency v’ propagating in the direction §’
and confined within the solid angle dQ2" is scattered
through the angle (§’, §) into the solid angle d2 and
the frequency interval dv. Assuming that Kirchhoff’s
law is valid, the emission coefficient 7. can be expres-
sed as:

=X ¥ b, (16)
where 7, is the real part of the complex spectral
index of refraction. The RTE is a mathematical
statement of the conservation of energy principle for
a monochromatic pencil of radiation in the direction

The radiative transfer equation

§. It is an integrodifferential equation that is very
difficult to solve exactly for a multidimensional geom-
etry. Therefore, some simplifications are necessary to
solve it.

In gaseous flames, the scattering coefficient of the
medium is negligible and the RTE becomes a linear
differential equation which is much easier to solve. If,
in addition, the spectral refraction index is equal to
one and the coordinate s lies in the § direction, the
quasi-steady state RTE is given by :

dal,

ds

This equation may be integrated analytically, yield-
ing :

Loo=L,e ™'+ L,(1—e™" (18)
where [,, and I.... are, respectively, the values of
intensity entering and leaving any control volume 7
that the ray has crossed and / is the distance travelled
by the ray within the control volume. In order to
apply this equation, knowledge of the absorption
coefficient is required.

v_}fu(]yf.[bu)- (17)

The problem of computing the absorption
coefficient of soot clouds can be attacked from a
fundamental point of view by means of the well-
known Lorenz-Mie theory which solves the problem
of scattering of a plane wave by a spherical, homoge-
neous, isotropic particle of arbitrary diameter by
giving the solution of Maxwell's field equation with
appropriate boundary conditions®”"®.  To interpret
soot data, the complete Lorenz-Mie theory is rarely
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used because of its reputed difficulty and also because
it could be argued that soot particles are not spherical,
homogeneous or isot
radiative transfer anal
tical. Therefore, it is de

ic®. In multidimensional
1se of Mie codes is imprac-
= 10 have simple approx-

imations.  An extensit 1sed soot  absorption
coefficient is?? ;

K= Afy/A 19)
where f, is the volume fraction of soot particles and A
is a coefficient dependent on the tvpe ¢ Hottel
and Sarofim"* have suggested the - f 7 for
typical soot particles observed in cor cham-
bers. Siegel® has analyzed the available experimen-
tal data for several flames yielding difierent values of

1

A for different types of fuels. Based on that studyv. the

present work uses A=4.9, a typical value for propane
flames.

The absorption coefficient can be related with the
spectral absorption coefficient by the following
definition

B ’/; szmmd/l

Xaie™== rFfg (20)

A2
EwvidA
Al

where Al and A2 represent the limits of the spectrum

of electromagnetic radiation and the black body emis-

sive power, E4,, is given by Planck’s law.

The numerical procedure proposed in this work
to predict the flame image/brightness is based on the
integration of the RTE along selected directions. This
procedure may be summarized as follows (see Figs. 1
and 2) :

(i) Transform the predicted 2D-axisymmetric

temperature and soot concentration fields into a 3D

cylindrical space.

(ii) Locate the virtual CCD camera at a point (z,

Ye, 2¢) in the 3D space.

(iii) Define a screen limited by the boundaries of the

3D physical domain as viewed from the CCD camera.

This screen is divided into a number of (m X %) cells or

“pixels”.

(iv) For each one of the (m X #) cells on the screen :
(a) Select the direction defined by the position of -
the CCD camera (xc, ¥, 2c) and the center of the cell
(Ys, 2s).

(b) Trace aray along the selected direction from
point (xo, ¥o, 20) at the outer boundary of the flame
towards the position of the CCD camera.

(¢) Integrate the RTE for a solid angle defined by
the selected direction from (o, ¥o, 20) to (x1, 1, 21).
It is useless to continue the integration up to (xe, ye,
z:) since the absorption coefficient is negligible
between (x1, y1, 21) and (x¢, ¥e, 2¢). This integration
yields the radiation intensity received by cell (ys, zs).
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Fig. 2 Integration path

Fig. 3
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Fig. 4 Predicted (solid line) and experimental (symbols) radial temperature profiles
(1—32x 24 grid nodes; 2—64 %46 grid nodes)
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(v) Normalize the radiation intensity at each cell
by the maximum value obtained. This procedure

yields the predicted flame image/brightness.
4. Results and Discussion

The model was applied to the prediction of a
turbulent, vertical, free jet propane flame. The flame
was formed on a round nozzle with an exit diameter
of d=5mm. The Reynolds and the Froude numbers
based on the exit diameter are 2.04 X10* and 6.9 X 10°,
respectively. Temperature measurements were car-
ried out by Fernandes et al.?® using butt-welded
thermocouples of 0.040-mm-diameter Pt/Pt-13% Rh
wires. The scatter in the measured temperature
profiles suggests a maximum uncertainty of 30K.
Further details about the measurements may be found
in Ref. 22.

Calculations were performed using two grids with
32x24 and 62X46 control volumes. The difference
between the numerical solutions is very small as
shown in Figs. 3 and 4. Hence, the numerical solution
may be considered grid-independent.

Figure 3 shows the mean temperature profile
along the centerline. The temperature increases along
the centerline up to z/d=90-100 due to the heat
transferred from the reaction zone where combustion
takes place.
reveals a delay at the beginning of the temperature
rise. This means that the transport of fuel from the
central cool region to the surrounding circular mixing

Comparison with the measurements

layer is not correctly described. The observed dis-
crepancy may be due to the inability of the model to
represent the large-scale engulfment of air and inter-
mittence phenomena. The predited temperature
increases at a higher rate than the experimental data
and there is a slight overprediction between z/d =60
and z/d=100. There are no measurements available
further downstream, and the calculated temperatures
decrease slowly due to heat released to the surround-
ings.

Radial profiles of the mean temperature across
several axial stations are displayed in Fig. 4. Global-
ly, an acceptable agreement is observed between the
measurements and the predictions. The predicted
peak temperatures at the first few stations are in good
agreement with the data. Notice that this agreement
was only obtained when the transport equation for the
dissipation rate of mixture fraction variance was
solved. The thickness of the reaction zone near the
burner is overpredicted and this may be due to an
overestimation of the thermal diffusivity. As we move
downstream, the peak temperature in the radial
profiles decreases and moves away from the center-
line, up to z/d =60. Further downstream, the peak

temperature tends to disappear due to thermal
diffusion and at z/d =100, the maximum temperature
is already found at the centerline. All these features
are correctly predicted by the model.

Figure 5 shows the predicted contours of several
flame properties. The temperature contours display
the features highlighted above. There is a radial
double-peak distribution in the reaction zone up to
z/d =90, where the combustion process is dominated
by fuel pyrolysis, soot formation and gas-phase oxida-
tion. Further downstream, the temperature decreases
axially and radially with the maximum temperature
occurring at the centerline. The fuel mass fraction
contours show that the maximum values occur at the
centerline. As combustion takes place, the fuel mass

fraction decreases in both directions (axial and

radial).

The distributions of soot concentration and mean
absorption coefficient (see Figs.5(c¢) and 5(d)) in
the visible range are closely related. In fact, the
spectral absorption coefficient due to soot is propor-
tional to the volumetric fraction of soot. Therefore,
the mean absorption coefficient in the visible range is
also approximately proportional to soot concentra-
tion. Soot is formed in the fuel-rich region of the
flame and maximum concentration is found at the
centerline and areas adjacent to it, between z/d =70
and z/d=140. So, the higher absorption coefficients
are predicted also in this region.

Flame brightness is calculated according to the
methodology outlined in the previous section using the
temperature and absorption coefficient distributions
presented in Figs.5(a) and 5(d) as input data. The
flame brightness is strongly dependent on the absorp-
tion coefficient of the medium, as well as on the fourth
power of temperature. However, higher temperatures
occur near the burner in a region where the amount of
soot formed is still limited. Therefore, the absorption
coefficient is too small and the radiation intensity is
only marginally affected. Further downstream,
between z/d=70 and z/d=140, although the maxi-
mum temperatures decrease, soot concentration is
quite high, yielding high absorption coefficients. Since
the temperature remains relatively high, the radiation
intensity is strongly affected and the flame brightness
is at a maximum. At stations where z/d >140, soot

due to
the absorption coefficient
Hence, the
flame brightness is strongly dependent on the absorp-

concentration decreases oxidation and
diffusion. Therefore,

decreases as well as the temperature.

tion coefficient distribution.

Three-dimensional views of the flame brightness
are presented in Fig. 6. It can be seen that the shapes
of the predicted image and the digitized flame image
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a?g(\)/g obtained with a CCD camera reveal similar trends,

1400 although the experimental image is not smooth. The
1388 predicted shape is almost symmetric if cut by a plane
1100 crosswise through the point of maximum brightness.
1%%% The experimental image has a rounder contour
800 between the burner and the point of maximum bright-
288 ness and a steeper contour at downstream locations.

500 The discrepancies between the two images may be
below mainly attributed to the shortcomings of the soot
a) Temperature (K) formation model used. Uncertainties in soot concen-
tration lead to wuncertainties in the absorption

\ | \ r
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e) Flame brightness d) Measurements (Re=1.57x10°%
Fig. 5 Predicted contours of flame properties Fig. 6 Perspective of the flame brightness
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z/d = 270

z/d =270

b) x=3m, z/d=270

d) x=1m, z/d=135

/ —r/d =40
z/d =270

e) x=1m, 2/d=270

Fig. 7 Influence of the position of the CCD camera on the
predicted flame brightness
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coeffilent and ultimately in the computed radiation
intensity obtained with the CCD camera. Figures 6
(c) and 6(d) show similar perspectives for Re=1.57
%x10°. The shape of the images is almost identical to
the previous ones. There is only a slight axial dis-
placement of the images. At higher Reynolds number
the maximum brightness occurs further downstream.

The calculation of the flame brightness just
presented assumed that the CCD camera was located
at a distance of 3 m from the centerline (x=3m in
Fig. 1) and at the axial station z/d=135. Several 3D
views of the predicted flame image brightness are
displayed in Fig. 7 for different positions of the CCD
camera. It can be seen that the predicted shape is
almost insensitive to the position of camera when x=
3m and the camera moves in a direction parallel to
the flame axis. When the camera is closer to the flame
(xr=1m), the contours change slightly, and the flame
length based upon the flame brightness appears to be
smaller. Moreover, the axial displacement of the CCD
camera influences the predicted contour and the axial
location of the maximum brightness.

5. Conclusion

A mathematical model was described in this
paper aimed at the prediction of the flame image/
brighness in the visible spectrum range of a turbulent
propane free jet flame. The model comprises a sub-
model for the calculation of temperature and absorp-
tion coefficient distributions and another one for the
prediction of the flame image, using as input data the
results of the first submodel. The first submodel is
based on the numerical solution of the equations
governing conservation of mass, momentum and
energy. The second submodel is based on the integra-
tion of the radiative heat transfer equation along
selected directions.

The model was applied to a propane flame for
which experimental data were available. The predict-
ed temperature profiles are in reasonable agreement
with the measurements. The predicted flame bright-
ness is in qualitative agreement with the digitized
flame image and it is closely related with the absorp-
tion coefficient distribution. The position of the CCD
camera influences the digitized flame when the camera
is close to the flame ; however, the influence becomes
negligible at a distance of 3 m.

From the digitized flame image, several parame-
ters related with the performance of the burning
process (flame area, length, center of mass, maximum
and minimum moments of inertia) may be computed.
This information can be used for monitoring,
classification and diagnosis. Therefore, the model
may be regarded as a useful engineering predictive
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tool with capability for on-line control of boilers and
furnaces in the future.
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