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Abstract

The performance of the discrete transfer and of the six-flux radiation models is assessed in a swirling natural gas
diffusion flame confined in an axisymmetric furnace. The predictions are evaluated as part of a complete prediction
procedure involving the modeling of the simultaneously occurring flow, combustion, convection and radiation
phenomena. Computational results with and without radiation effects are compared with experimental data and the
two radiation models are evaluated in terms of computational efficiency, ease of application and predictive accuracy.
The results have demonstrated that the effect of thermal radiation is important even in light flames, and that the six-
flux model can be applied in industrial gas furnaces with relative ease, yielding accurate predictions. © 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Thermal radiation in gaseous media can be an im-
portant mode of heat transfer in high temperature
chambers, such as industrial furnaces and boilers, even
under non-soot conditions. Growing concern with high
temperature processes has emphasized the need for an
evaluation of the effect of radiative heat transfer. For
example, thermal radiation affects significantly the
structure and extinction characteristics of a methane—
air flame due to the radiative cooling mechanism [1,2],
as well as the NO formation due to the sensitivity of
thermal NO kinetics to temperature [3].

Nevertheless, the modeling of radiative transfer is
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often neglected in combustion analysis, mainly because
it involves complex mathematics, high computational
cost, and significant uncertainty concerning the optical
properties of the participating media and surfaces.
However, ignoring radiative transfer may introduce
significant errors in the overall predictions.

In previously published evaluations of radiation
models for gaseous furnaces, the models are tested sep-
arately, that is, in isolation from other physical pro-
cesses, by using prescribed radiative energy source
term distributions [4-10]. In real operating furnaces
though, non-uniform distributions of velocity and tem-
perature are encountered and the predictive behavior
of any radiation model is expected to differ from the
simplified case [4,11].

A numerical experiment is carried out in this paper,
using two different radiation models to analyze the
radiative heat transfer in an industrial natural-gas fur-
nace configuration. The predictions are evaluated as
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Nomenclature

C, reaction rate constant

Cr reaction rate parameter

E  emissive power [W m™2]

ey surface emissivity

1 radiative intensity [W m™]

J  mean intensity of the in-scattered radiation
W m™]

k.,  gas absorption coefficient [m™']

ks  gas scattering coefficient [m~']

k  turbulence kinetic energy [m* s3]

L path length [m]

m  mass fraction

Q  total attenuation of the radiative intensity due
to emission and in-scattering [W m~?]

R reaction rate [kg m > s7']

R radiation flux [W m™?]

r direction vector

S stoichiometric value

S source term

Siaq radiative energy boundary source term
[W m™]

S location vector

T  temperature [K]

t time [s]

x, r co-ordinate axes in cylindrical geometry
u velocity vector [m s~ ']

Greek symbols

I'y diffusion coefficient
dissipation of energy [m
extinction coefficient [m™
viscosity [kg m~! s7!]
density [kg m™?]
Stefan—Boltzmann constant, 5.67 x 1078
[Wm2K™

optical thickness

transport variable

solid angle

2 -3
lS ]
]

Q™ =T a®

QB

Subscripts

fuel

zone number
oxygen
products
radial direction
wall

axial direction

* g0 o3 ™

part of a complete prediction procedure involving the
modeling of the simultaneously occurring flow, com-
bustion, convection and radiation phenomena.

1.1. Radiation modeling

There are several analytical methods presently used
for the engineering treatment of radiative heat transfer
in participating media. The most accurate ones are
considered to be the zone [12] and the Monte Carlo
[13] methods. However, these methods are not widely
used in comprehensive combustion calculations due to
their large computational time and storage require-
ments. Additionally, the above-mentioned models are
in non-differential form, providing a significant incon-
venience in solving them simultaneously with the
remaining equations of fluid flow.

For industrial furnace applications, radiation mod-
eling is directed towards more efficient but less fun-
damental flux methods (see [14] for an extensive
review). Modeling of the simultaneously occurring
flow, chemical reaction, and heat transfer in a tran-
sient furnace atmosphere involving more than one
phases, can be a CPU demanding procedure. As
efficiency is particularly important in the develop-

ment of furnace simulation codes, the radiation
model used should not only be realistic enough to
yield meaningful predictions, but also simple and
fast enough to avoid overcharging the compu-
tational cost.

One such model is the six-flux model of Schuster
and Hamaker, as formulated by Spalding (see [15]
for a detailed description). Easy to understand,
readily applicable and fast, but of limited accuracy,
has successfully been applied to a number of fur-
nace cases. On the other hand, the discrete transfer
model of Lockwood and Shah [6], has received
much attention in the engineering treatment of fur-
nace radiation, during the last decade; combining
features of the zone, Monte Carlo and the flux
models, is considered as a more fundamental and
accurate model.

These two models are applied here to a bench-
mark natural gas furnace case, attempting to evalu-
ate them in terms of computational efficiency, ease
of application and predictive accuracy. The strengths
and limitations of the two models are discussed
below.

With the discrete transfer model, the total radiative
flux is calculated by integrating the energy contribution
along rays emanating from the radiative source and
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pointing to any selected direction. The discrete transfer
model has the following advantages and disadvantages:

advantages

— retains the physics of the problem with relatively
simple mathematics;

— has the ability to return any desired degree of
accuracy by increasing the number of rays projected
from each physical surface and the number of zones
that the domain is divided into, adding of course
considerably to the cost of computation;

disadvantages
— requires a surface model to describe the geome-
try;
— requires carefully shaped control volumes and
positioning of the rays to yield accurate predictions.

The six-flux method accounts for contributions to the
radiative flux coming from only six directions, parallel
and anti-parallel to the three coordinate directions. It
is a differential model providing convenience in the dis-
cretisation of the transport equations. The six-flux
model has the following advantages and disadvantages:

advantages
— retains the important effects relevant to furnace
scenarios, although it assumes that radiation is
transmitted in coordinate directions only;
— offers computational economy;
— solves directly on the flow spatial grid, needs no
special description of the geometry;

disadvantages
—has no inter-linkages, apart from scattering,
between the radiation fluxes in the respective coor-
dinate directions;
— is quite accurate for optically thick media, but it
will yield inaccurate results for thinner (transparent)
media, especially near boundaries, and also if the
radiation field is anisotropic;
— fails in cases of complex geometry, such as con-
gested spaces, or many and large openings.

2. The physical and mathematical model
2.1. Furnace configuration

The benchmark case studied is a typical chamber of
gaseous combustion, the so-called ‘“Harwell furnace’,
which is a cylindrical enclosure of 0.15 m radius and
0.9 m length [16,17]. Two reactant streams emerge
from two separate coaxial jets producing a swirling dif-
fusion flame. The fuel is injected from the central jet

le 900mm N|
I |
r
‘ 106mm
Air inlet 150mm
" >  Fuelinlet Outlet

Symmetry axis

X

Fig. 1. Geometry of the combustion chamber.

whereas the combustion air enters from the outer
annular jet. The geometry of this natural gas furnace is
illustrated in Fig. 1 and the inlet conditions for the
fuel and air are shown in Table 1.

2.2. Mathematical model

A two-dimensional mathematical model is used to
simulate the flow and chemical reaction in the combus-
tion chamber. The model consists of the partial differ-
ential equations describing the conservation of
momentum, heat and mass, in conjunction with a two-
equation turbulence model. The equations are
expressed, for each variable, in a generalized form as:

d .
a(qu) + div(pu® — I'g grad @) = S e

where @ is any of n variables [18], I'y is the diffusion
coefficient and Sy is the source term of the variable @.
The turbulence kinetic energy and the dissipation of
turbulence are calculated with the k—¢ model [19].

The heat release of methane/air combustion is calcu-
lated by the eddy dissipation model [20], considering
an integral, fast, one-step reaction CH4;+20, <

Table 1
Input conditions and fluid properties

Geometry

Fuel inlet zone (mm) from r=0.0 tor=6.0
Air inlet zone (mm) from r=16.5 tor=27.5
Furnace diameter (mm) 150.0

Furnace length (mm) 900.0

Inlet boundary conditions Fuel Air
Axial velocity 15.0 12.8
Radial velocity 0.0 0.0
Turbulent kinetic energy 2.26 1.63
Dissipation rate of turbulence 1131.8 692.0
Temperature 295 295
Swirl number 0.0 0.4
Composition (mass fraction) Fuel Air

0, 0.0 0.2315
N, 0.0 0.7685
CH4 1.0 0.0
Heat of reaction (MJ/kg) 45.5
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CO,+2H,0. This solves for one combustion scalar
variable, the mean mixture fraction and the mass frac-
tion of the fuel. In each computational cell, the reac-
tion rate is set as:

_ e . m, m
R= CACRPZ mln(mf, <7 —l—pS) (2)
where
1/4
Cr = 23.6<p“—]:'2> 3)

and Cy is an empirical constant taken equal to 1 [20],
1 is the gas viscosity, p is the gas density, ¢ is the tur-
bulence dissipation, k is the turbulence kinetic energy,
mye, My, My, are the mass fractions of the fuel, oxygen
and products, respectively, and S is the stoichiometric
value taken equal to 17.189.

The combustion gas is taken as a mixture of oxygen,
nitrogen, carbon dioxide, water vapor and fuel gas.
The gas temperature is derived from the enthalpy
equation where the specific heat is calculated as the
weighted sum of the individual specific heat of the mix-
ture components. The gas density is evaluated from
the ideal gas equation of state. All computations are
conducted by using a finite volume discretisation
scheme.

2.3. Radiation models

The basis of all methods for the solution of radi-
ation problems is the radiative transfer equation
(RTE):

s VI(r,s) = —«x(r)I(r, s) + O(r, s) “4)

which describes the radiative intensity field, 7, within
the enclosure, as a function of location vector r and
direction vector s; Q represents the total attenuation of
the radiative intensity due to the gas emission and to
the in-scattered energy from other directions to the
direction of propagation, and « is the total extinction
coefficient.

2.4. The discrete transfer model

The discrete transfer model discretizes the RTE
along rays. The path along a ray is discretized by
using the sections formed from breaking the path at
zone boundaries. Assuming that the physical properties
remain constant inside a zone, Eq. (4) can be inte-
grated from zone entry to zone exit (Fig. 2) to yield:

_ 1 —e™
In-H = le 4 LnQ”[i

n

]; T, = KL, (5)

N
node

. zone boundary
physical surface

Fig. 2. Sub-division of the solution domain into zones.

where L, is the path length in the nth zone, I, and I,
are the intensities at zone entry and zone exit respect-
ively, and

0u(r.9) = 20Tt 1 koo ©

where k,, ks, are the absorption and scattering coeffi-
cients for a gray medium, J,(r) = ﬁf[,,(r, s)dQ is the
mean intensity of the in-scattered radiation, ¢ is the
Stefan—Boltzmann constant and dQ is the element of
solid angle containing s.

The rays are chosen by fixing nodes to all the physi-
cal surfaces, dividing up the interior hemi-sphere into
elements of equal solid angle and projecting one ray
into each solid angle.

For gray surfaces, integration of Eq. (4) yields the
required boundary conditions:

I(r,s) = %WJT“(r) n I_TeWR(r) %)

where ey, is the wall emissivity, and R(r)= js_,, <o(sm)I(r,
s) dQ is the radiation flux on a surface, and n is the
inward pointing unit vector normal to the surface at r.

2.5. The six-flux model

The model employs diffusion-type differential
equations for calculating radiative heat transfer. The
solid angle surrounding a point is divided into six solid
angles. The following second-order ordinary differen-
tial equations describe in polar coordinates the six-flux
model, for a two-dimensional case (actually a four-
flux):

1d 1 d(R,)
r dr dr

1
ko + ks + =
p

= Rlka k) —kaE— S(Re+ R) ®)
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d] 1 dR)
dx| k, + ks dx
ks
= Rx(ka + ks) - kuE - E(Rr + Rx) (9)

R,, R, are the composite radiative fluxes in radial and
axial directions respectively. Each of the differential
flux equations expresses the attenuation of a flux with
distance as a result of absorption and scattering and
its augmentation by emission and scattering from
other directions.

The required boundary source term, S,,4, for a wall
is:

Cw
2 —ey

Srad = (EW - Rw) (10)

where Ey,=0T4%, is the emissive power on the wall, ey,
is the emissivity constant on the wall and R, is the
radiation flux near the wall.

At symmetry planes and perfectly-reflecting bound-
aries, the radiative heat flux is zero. At non-reflecting
boundaries, such as openings or free boundaries, the
outgoing radiation leaves the computational domain
without reflection.

3. Computational details

As already mentioned, the discrete transfer model
may yield any desired degree of precision by increasing
the number of rays and the number of zones. Results
with various numbers of rays have been obtained, and
these demonstrate that 32 rays suffice for accurate pre-
dictions.

Absorption and scattering coefficients used in the
radiation model are taken 0.5 m~' and 0.01 m™', re-
spectively [16]. The walls are treated as a gray heat
sink of emissivity 0.8 and assumed to be completely
water-cooled at a temperature of 400 K [16]. The CPU
time consumed on an SGI Workstation R4400 are
530 min for the six-flux model and 805 min for the dis-
crete transfer model.

4. Results

Comparisons between the experimental data
reported by Wilkes et al. [16] and the calculated results
obtained with and without radiation are shown in
Figs. 3—5. The variation of temperature along the fur-
nace centerline is presented in Fig. 3. In Fig. 4, radial
profiles of the temperature are shown for four consecu-
tive axial locations; two near the inlets and two near
the middle of the furnace. It is shown that accounting
for radiation in the computational analysis, by any of

2500 +
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1000 + !
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500 -
250

T(K)

no radiation
---------- discrete transfer
——eem six-flux

¢ data

0 0.2 0.4 0.6 0.8 1
axial distance (m)

Fig. 3. The variation of temperature along the furnace center-
line.

the two methods, has produced better agreement
between the predictions and the experimental data.

The reduction of the mean temperature in the fur-
nace is significant, and is more pronounced in the
upstream direction, towards the furnace outlet. Close
to the furnace inlets, on the other hand, an increase in
temperature is predicted. This shows that the reactant
mixture heating effect, due to the flame backward radi-
ation, is better represented when radiative heat transfer
is taken into account (see Fig. 3). Similar observations
can be made from the radial temperature profiles
shown in Fig. 4, at x = 0.04 m and x = 0.1 m. In the
main combustion zone, where higher temperatures are
reached, the effects of radiation are more evident and
extend all over the furnace diameter (see Fig. 4, radial
profiles at x = 0.2 m and x = 0.4 m). No significant
differences are observed between the predicted tem-
peratures with the two radiation models.

Despite the fact that the overall heat released is the
same in all the examined cases, radiative heat transfer
is responsible for reducing the size of the high tem-
perature regions of the flame and for shifting them
towards the furnace inlet, as it is shown by the tem-
perature contours in Fig. 5. As a result, more heat is
released close to the burner when radiation is taken
into account, resulting to steeper temperature gradients
towards the furnace outlet. The combustion gases
leave the furnace with nearly 60% lower temperature.
This reduction of the gas enthalpy content at the outlet
is counter-balanced by the increase of the total heat
flux across the axial wall of the furnace; the total heat
loss from the wall is increased by four times.

Fig. 6 shows the variation of the heat flux along
the furnace axial wall. Absolute wall heat flux
values are significantly increased when radiation is
taken into account. The main combustion zone tem-
peratures, around the central part of the furnace do
not seem to directly affect the heat losses from the
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wall. When radiation is taken into account, the
total heat flux from the furnace wall is due to the
sum of contributions of the convective and radiative
heat transfer. The axial location of the maximum
wall heat-flux value is shifted downstream, where
maximum temperatures are encountered in the main
combustion zone of the furnace. The total heat
leaving through the axial wall of the system has
increased about four times.

Finally, in terms of predictive accuracy, the two
radiation models have performed similarly. This can be
explained by the fact that there is a relative uniformity
in the combustion gases concentration field encoun-

20000 +

no radiation

<= 15000

10000 -

heat flux (W/m

5000

0 } i —t f |
0 0.2 0.4 0.6 0.8 1
axial distance (m)

Fig. 6. Heat flux distribution along the axial furnace wall.

tered in a natural gas-fired furnace, and radiation is
isotropic. These characteristics of the medium are
fairly represented by the applied constant optical prop-
erties. If the system is highly non-uniform, featuring
many and large areas of optical thinness (e.g. a fire en-
vironment [21]), then the six-flux model will do poorly.
The reason is that in the absence of absorption and
scattering the transport equations describing the six-
flux model will ‘transmit’ radiation from z; to z, etc.,
but not from z; to y; (see Fig. 7), hence producing
erroneous results. In practice this means that the z wall
will only ‘feel’ the radiation from the y wall via
absorption and scattering within the gas. In the case
under consideration, the medium is semi-transparent,
with a relatively medium opacity, obscuring this par-

Z;
Vi \/
z wall X
Z;
[777777777777
y wall

Fig. 7. Radiation transfer as described by the six-flux model,
for the case of a transparent gas.
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ticular weakness of the six-flux model. In any other
case, where transparent areas are involved the above
described limitation of the six-flux model will be more
pronounced.

The fact that the two radiation models have per-
formed similarly, confirms that the six-flux model,
although crude in principle, is adequate for predicting
the overall features of the flow, in light natural gas fur-
naces. This is an important result when it comes to
simplified heat transfer analysis in combustion simu-
lations, given that the six-flux model is significantly
simpler than the discrete transfer model, regarding
mathematics and implementation effort. It should be
noted that this model offers a significant convenience
for the engineer, that it can easily be incorporated in
any 2-D CFD analysis by simply introducing two sca-
lar transport equations into the calculations —
describing the diffusive transfer of the radiation fluxes
— and by setting the corresponding boundary con-
ditions.

Concerning the implementation effort for the dis-
crete transfer model, this is related to the fact that the
model requires a geometrical description of its own to
work. The construction of the geometry, which is
based on surface modeling, requires carefully selected
control volumes (zones) and positioning of the rays to
achieve the required solution. The results produced by
the discrete transfer model are sensitive to the zone
construction. Crude or careless ‘zoning’ of the heat
source (flame) result in inaccurate average values of
the temperature per zone and, consequently, to inac-
curate radiation calculations. The reason for that is
that in large systems the spatial resolution (number of
zones) is normally much less than that used by the
flow solver. This mainly affects the cooling rate, which
is proportional to the fourth power of the temperature
and thus it can change by several orders of magnitude
across a flame front. Large local errors occur, if large
opacity gradients remain unresolved by the radiation
model. In Fig. 8, case 1 is an example of crude zoning,
while case 3 is an example of more careful zoning that
takes into account the steep temperature variation
from zone to zone. Another important issue when
‘zoning’ the heat sources, is to ensure symmetry; com-
parison between case 2a and case 2b in Fig. 8 shows
the difference.

5. Conclusions

There is difference between evaluating radiation
models as part of an overall predictive scheme and
evaluating them independently, as the coupled effects
of different interplaying processes may often reveal
new evidence as to the accuracy of the models. The

zone
bou/ndary

flame region

case 1
case 2a
case 2b
1 1
mmm e —
1 1
. : case 3
TTTT==A=s ===~
. A

Fig. 8. Hypothetical zone constructions, showing different
sampling of the flame.

present work attempts to examine numerically a turbu-
lent, non-premixed, natural gas flame with and without
consideration of the radiation effects. Two radiation
models, namely the six-flux model and the discrete
transfer model, have been used for this purpose.

The results have confirmed that the effect of thermal
radiation is important on flame temperature predic-
tions. The inclusion of radiative heat transfer in the
combustion analysis has produced a better agreement
between numerical predictions and experimental data.
It has resulted to an increase of the levels of computed
temperatures near the reactants inlet, and to a substan-
tial decrease in the main combustion zone, near the
walls, and the exit of the furnace. These observations
indicate that the computations involving only convec-
tive heat transfer mechanisms under-predict the heat-
ing effect of the reactants mixture at the inlet, and
over-predict the temperature levels everywhere else.

The inclusion of thermal radiation in the problem
has also reduced the size of the flame region where
maximum temperatures are located. Finally, it has
increased about four times the percentage of heat leav-
ing through the axial wall of the system, emphasizing
the significance of this particular sink term in the total
enthalpy balance analysis.

Finally, the two models have performed similarly,
both showing good agreement with the experimental
data. This indicates that the modeler can take advan-
tage of the simplicity and low computational require-
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ments of the six-flux model and use it with relative
ease and confidence for describing the radiative heat
transfer in natural gas-fired furnaces. Moreover, the
discrete transfer model, although has shown a satisfy-
ing predictive accuracy that is not sensitive to optical
properties and flame size, possesses some important
disadvantages that the modeler should be aware of: (a)
it is not as easy to incorporate into furnace codes,
because it requires its own geometrical description, (b)
it may prove tricky in terms of dividing the domain
into zones to describe the geometry, and (c) is compu-
tationally more expensive.
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