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Evaluation of FSK models for radiative heat transfer
under oxyfuel conditions
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Abstract

Oxyfuel is a promising technology for carbon capture and storage (CCS)
applied to combustion processes. It would be highly advantageous in the de-
ployment of CCS to be able to model and optimise oxyfuel combustion, how-
ever the increased concentrations of CO, and H,O under oxyfuel conditions
modify several fundamental processes of combustion, including radiative heat
transfer. This study uses benchmark narrow band radiation models to evalu-
ate the influence of assumptions in global full-spectrum k-distribution (FSK)
models, and whether they are suitable for modelling radiation in computa-
tional fluid dynamics (CFD) calculations of oxyfuel combustion. The statist-
ical narrow band (SNB) and correlated-k (CK) models are used to calculate
benchmark data for the radiative source term and heat flux, which are then
compared to the results calculated from FSK models. Both the full-spectrum
correlated k (FSCK) and the full-spectrum scaled k (FSSK) models are ap-
plied using up-to-date spectral data. The results show that the FSCK and
FSSK methods achieve good agreement in the test cases. The FSCK method
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using a five-point Gauss quadrature scheme is recommended for CFD calcu-
lations in oxyfuel conditions, however there are still potential inaccuracies in
cases with very wide variations in the ratio between CO, and H,O concen-

trations.

Keywords: Radiative transfer, Oxyfuel, Computational fluid dynamics,

Full-spectrum k-distributions

1. Introduction

Oxyfuel is a promising technology to abate CO, emissions from combus-
tion facilities. The process replaces air with high purity oxygen as the oxidant
for fuel combustion. The oxygen supply is often diluted with recycled flue
gas to control the flame temperature. The resulting flue gas from the oxyfuel
process is composed entirely of the products from combustion, with a very
high CO, concentration that can be purified to a level suitable for storage.
Oxyfuel combustion has been successfully demonstrated at small scales [1—
3], and there are further projects in development aiming to demonstrate the
technology at much larger scales, such as the White Rose!, FutureGen 2.02
and Youngdong projects.

There are several changes to the fundamental properties of combustion
under oxyfuel, where the transparent and inert bulk gas N, is replaced with
radiatively participating and potentially reactive CO, and H,O. Further-
more, there are additional avenues of control available in the oxyfuel process,

as the gas composition of the inlets is completely defined by the operator.
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Drying or cooling the flue gas recycle, or changing the oxygen enrichment
level, could result in drastic changes to the combustion process. In the de-
velopment of oxyfuel technology it would be extremely useful to be able to
accurately predict the influence of these changes to optimise the process,
however models developed for predicting air-fired combustion may not be
suitable for oxyfuel, with the models used for radiative heat transfer being
repeatedly identified as a key area of research for oxyfuel modelling [4-6].
Radiation is the most significant thermal transfer mechanism at combus-
tion temperatures. Failure to accurately account for the effects of thermal
radiation will significantly affect further modelling predictions such as heat
flux, gas velocity and species concentration predictions. The process of radi-
ative transfer is influenced by the medium, where participating species, such
as CO, and H,O, will emit and absorb radiative energy. Accurate consider-
ation of gas-phase radiation is important even in atmospheres where highly
emissive particles, such as soot, are present due to strong self-absorption [7].
Combustion modelling has often made use of the grey weighted sum of
grey gases (WSGG) method to account for gas absorption/emission in ra-
diative transfer. The grey WSGG model has been successfully applied to
air-fired combustion, but is only valid for predetermined environments, and
the traditional models are unable to predict key radiative quantities in an
oxyfuel environment [8, 9]. The full-spectrum k-distribution (FSK) models
offer an alternative approach to accurately calculate radiative heat transfer
for arbitrary gas mixtures, and can be evaluated fast enough to be applied in
complex computational fluid dynamics (CFD) calculations [9, 10]. Previous

modelling studies have shown a significant influence of using a FSK model in



CFD calculations, highlighting the need to accurately account for radiation
heat transfer [7, 11, 12]. In addition to the FSK models that are the focus of
this study, other global methods, such as the absorption distribution func-
tion (ADF) [13] and spectral line-based weighted sum of grey gasses (SLW)
[14], are also potentially viable for calculating radiative transfer in novel en-
vironments within CFD calculations. These additional global models have
been shown to be related to the FSK models [15, 16], and so the conclusions
of this study may also be applicable to the ADF and SLW models.

This work focusses on the application and validation of FSK models to
predict radiation heat transfer in oxyfuel environments within a commer-
cial CFD code. The FSK models are validated against narrow-band predic-
tions on a 3D enclosure that represents potential oxyfuel combustion envir-
onments. Calculations of the radiation energy source term and heat flux are
compared between the benchmark narrow-band models, the standard grey
WSGG model and the FSK models. A previous study identified FSK models
as being accurate in potential air and oxyfuel cases [9]; this study updates the
validation data and FSK parameters to recently developed spectral database
values, and validates both the full-spectrum correlated k (FSCK) and full-
spectrum scaled k (FSSK) models against two cases that test the underlying
assumptions in the models for non-isothermal and non-homogeneous media.
This study also identifies the optimal number of transfer equations that are
required for the FSK models in the identified cases. The WSGG and FSK
methods are implemented so that they are directly applicable to CFD calcu-
lations, allowing the conclusions from this study to be directly applicable to

cases of practical interest.



2. Modelling radiative heat transfer

The directional radiative transfer equation (RTE) for an emitting, ab-
sorbing and non-scattering medium, assuming radiative equilibrium, is given

as

dIﬂ _
ds - HW(?) ([bn - [77) (1)

where 7 denotes wavenumber, I, is the spectral radiative intensity, 8 is a

ray direction through the medium, I, is the spectral blackbody intensity,
Ky is the spectral absorption coefficient of the medium and ¢ is a vector of
the local gas properties that affect the absorption coefficient, namely pres-
sure, temperature and gas composition. This study focuses on methods that
evaluate the radiative intensity of a participating gas-phase medium, where
absorption and emission are significant and scattering effects are negligible,
so the RTE formulation in Equation (1) is adequate.

Radiation is coupled to the energy solution in CFD calculations through
the radiation source term and the radiative heat flux. The radiation source
term is the divergence of radiative heat flux through the medium, and can

be calculated from the radiation intensity field as

Voqn= /0 N () (47r1b,, - /4 an dQ) dn (2)

where V - qg is the radiative source term, qy is the radiative heat flux at
a position in the domain and €2 denotes solid angle. The radiation source
term is important in calculating the temperature field, which has a signi-
ficant impact on fluid dynamics and chemical reaction rates. The radiative

contribution to the total heat flux at a surface can be calculated as
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where 11 is the inward surface normal. Most of the surface heat flux in com-
bustion systems is due to radiation, making the accurate treatment of this
quantity important in evaluating the performance of the operating paramet-
ers for combustion.

Determining the quantities in Equations (2) and (3) across the whole
spectral dimension is computationally expensive due to the variability of
the absorption coefficient, which oscillates at very small spectral intervals —
the exhaustive line-by-line (LBL) method typically requires over 10° RTE
evaluations. The behaviour of the absorption coefficient for a potential oxy-
fuel environment is shown in Figure 1. This study uses statistical narrow
band (SNB) and correlated-k (CK) models to generate benchmark data to
validate the global FSK models, which are also compared to the more stand-
ard grey WSGG model.

The SNB model is able to reach LBL accuracy in special cases within
an acceptable time-frame, making it suitable for 3D calculations. The SNB
model is often used to generate data for validating more time-efficient and
widely-applicable models [9, 10, 17]. The CK model offers an alternative
source of benchmark data to the SNB model, and the model provides a more
amenable representation of absorption and emission, and is therefore applic-
able to more general RTE solvers. Global models, such as the WSGG and
FSK models, calculate spectrally integrated values directly, allowing the solu-
tion to radiative transfer to be coupled with complex numerical simulations,
as in CFD calculations, which is not viable with narrow-band models. This
study validates the simplifying assumptions in the FSK models for oxyfuel

conditions against the more accurate band models.
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Figure 1: Absorption coefficient for a gas mixture of 85% CO,, 10% H,O and 5% N, at
1000K. Calculated from HITEMP2010 [18].

2.1. The statistical narrow-band model

The SNB model calculates radiation transfer based on averaged values
across a narrow band, which are typically An=25cm™ wide. The SNB model
provides values for averaged band transmittance based on a statistical rep-
resentation of the optical properties. For an isothermal and homogeneous
path between s and s, the Malkmus [19] SNB model that is used in this

study approximates the mean average transmittance across a narrow band

2y [, kdxpl
Tsoys' = €XP —% 1+ ;Cp -1 (4)

where 7 is the mean spectral line Lorentz half-width, ¢ is the mean line

as

spacing, k is the mean intensity-to-spacing ratio, = is the absorbing species
mole fraction, p is the pressure of the medium and [ is the path length between
s and s

To calculate the narrow-band intensity leaving a path defined by mean
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transmittance, the discrete form of the narrow-band averaged RTE for black
walls is given as [20]

N
Ing = lyanTanisn+r + E Tonnivife (Tamicisn+1 — Tanion+1)  (5)

i=1
where I, Aq 18 the narrow-band averaged intensity, I_bAn,iJrl/Q is the narrow-band
averaged blackbody intensity between point ¢ and ¢4 1 along the path, I_wAn is
the narrow-band averaged intensity emitted from the boundary, where ¢ = 1,
and N is the number of discrete points along the path. The SNB model is
ill-suited for calculating radiative transfer in scattering media or for cases
with non-black walls, however in the cases that are considered in this study
the SNB model is accurate enough to produce results that can be considered
a very good representation of the radiation field.

This work used a ray-tracing approach similar to the method described
by Liu [17] to calculate the radiative source term and heat flux for a three-
dimensional enclosure. The radiative intensity at a control surface is calcu-
lated by tracing a number rays from the centre of the surface to the boundary,
and calculating the intensity propagating from the boundary back towards
the control surface, using Equation (5). Discrete segments of the rays are
defined as sections that are entirely inside one control volume, and were con-
sidered uniform with respect to the values calculated for the centre of the
control volume. Non-homogeneous and non-isothermal paths were calculated
using the Curtis-Godson approximation [21], which introduces a scaled as-
sumption across narrow-band intervals. The radiative source term, V - qg,
was calculated using a first-order finite difference scheme. The number and

direction of the rays were defined by a Ty quadrature set [22]. The sensitiv-



ity of the solution to the angular quadrature set was tested by running the
calculation on increasing Ty sets until the solution was consistent with the
next two sets. This method was chosen as it accurately represents the RTE,
however it is noted that the implementation is not optimised for efficiency

17].

2.2. The correlated-k model

The CK model calculates narrow-band intensity through a reordered ab-
sorption coefficient across the band. By transforming the RTE to be defined
as a function of a reordered distribution, which is chosen to be a smooth
increasing function, it is possible to calculate band-averaged quantities using
an efficient and accurate numerical quadrature scheme. The k-distribution

across a narrow-band, f(¢, k), is defined as

o0 =55 [ 0 (k=) an (©

where ¢ is the Dirac delta function. The k-distribution represents the fre-
quency that the absorption coefficient takes on a certain value, which is
denoted as k in Equation (6). The narrow bands are chosen so that the black-
body intensity is practically constant across the band, so that its variations
can be neglected. By taking the cumulative function of the k-distribution,

defined as .

o) = [ sk 0¥ @
it is possible to describe the k-distributions with a function bound between
zero and one. The cumulative distribution g(¢, k) represents the fraction of

the narrow band with an absorption coefficient less than k.



The RTE for narrow-band intensity using the CK model is presented as

dln,, )
Tﬁg = kan(9; 9:) ([bno - [An,gi) (8)
where 1, An,g,; 18 the band-averaged intensity at g-space value g;, [y, is the
blackbody intensity evaluated at the band centre and ka,(@,g;) is the re-
ordered absorption coefficient in g-space, the inverse of the function shown

in Equation (7). Using a suitable quadrature scheme, the total intensity can

be evaluated as
[e’s) Nb Nq
/ LdnmS An. S wil, (9)
0 n 7

where N, is the number of spectral bands, N, is the number of quadrature
points and w; is the quadrature weight associated with point 7.

The reordering operation introduced in Equation (6) is not strictly valid
for different values of ¢, and therefore the k-distribution method cannot be
applied to inhomogeneous media without a simplifying approximation of the
absorption coefficient. Introducing a correlated assumption for the absorp-
tion coefficient within a narrow band, the differences in (¢, g;) between the
g-space dimension of different thermodynamic states are neglected [23]. The
introduction of the correlated assumption complements the scaled assump-
tion introduced to the SNB model with the Curtis-Godson approximation.

In this work, the CK model parameters presented by Riviere and Soufiani
[24] are used, which describe 51 narrow bands with a seven-point quadrature
scheme, resulting in 357 RTE evaluations. The mixing scheme by Modest
and Riazzi [25] is used to approximate k-distributions for gas mixtures from
the single-specie CK model parameters. As the CK model describes the
absorption properties of the gas directly, it can be used with the same RTE
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solver as the FSK methods.

2.8. Full-spectrum k-distribution models

Similarly to the CK model, the FSK models calculate total intensity with
a reordered absorption coefficient. The FSK model uses k-distributions across
the entire spectrum, which are weighted by the Planck function to account
for the variations in blackbody emissivity, as it can no longer be considered

constant,
POk = gz | Tt (k= (@) ay (10)

where f(¢, T, k) is the full-spectrum k-distribution, Iy is the total blackbody
intensity integrated across the spectrum and ¢ is the Dirac delta function.
To facilitate integration, the spectral dimension is normalised, and redefined

as the cumulative k-distribution at a reference state;

k
gO(T()’?Q’k:) = A f(TO,QO’k;/) dk’ (1].)

where gg is the cumulative k-distribution at a reference state Qo and reference
temperature Ty. As with the CK model, the reordering operation in deriv-
ing the full-spectrum k-distribution results in the spectral dimension of two
states not being directly related, and the absorption coefficient is required
to be treated as either scaled or correlated across the entire spectrum. This
treatment of the absorption coefficient is the main source of error in FSK
models [26].

As it was mentioned for the CK model, it can be shown that the cumu-

lative k-distribution for two correlated states is the same, and the RTE can

be integrated across go [26]. Employing this assumption, the RTE for an
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emitting and absorbing medium can be rewritten for the FSCK model as

ijég = k*(Tv, ¢, 90) [a(T, To, 9o) 1n(T') — I,] (12)
where
B fooo [,,5(k‘ - kn) dn
I f(T07Q0’k) <13>
o7, Ty gy) = LG k) A0 20 ) (4)

F(To, 0, k) — dgo(To, 0, k)
and where k* is the correlation function that relates the reference cumulat-
ive k-distribution to the local state. Due to the smooth k-g distribution,
illustrated in Figure 2, the total radiative intensity can be integrated across

g-space using an efficient Gauss quadrature scheme [27],

00 1 Ng
/Qm:/@%zzw@ (15)
0 0 p

where N, is the number of quadrature points used in the integration, w; is
the Gauss quadrature weight associated with quadrature point 7 and Iy is
the intensity evaluated for quadrature point 7.

Alternatively to the correlated assumption, the absorption coefficient
could be assumed to be scaled. The variation of a scaled absorption coeffi-

cient at different states can be separated from the spectral variation,

K, 0) = K1, @y)u(d,, 9) (16)

where u@o, ¢) is a scalar function. Using k-distributions, u can be calculated

using the implicit relation [26]
1 1
| e [-KTns.0s]as = [ exp [kT gy wute, 9] dm (17
0 0
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Figure 2: Full-spectrum k-g distribution calculated from the absorption coefficient in

Figure 1.

where s is the mean beam length of the domain, which can be calculated
using a commonly used relation based on the geometry [23]. In this work
the mean beam length is calculated as s = 3.6V/A, where V' is the internal
volume of the domain and A is the bounding surface area. The integrations
in Equation (17) can be evaluated using a Gauss quadrature scheme, and
the relation can be effectively solved for the scaling function u by using a
Newton-Raphson scheme [26]. Similarly to the FSCK model, the RTE for
the FSSK model can be written as

dI,
ds

= k(To, 6, 90)u(¢y; 0) [a(T, To, 9o) I(T) — 1] (18)

The total intensity for the FSSK model can also be calculated using Equa-
tion (15).

It is important to select a representative reference state and temperature
for the FSCK and FSSK models, as this is the only condition where both

methods guarantee an exact solution. In this work the reference temperature
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Ty is also used for the reference state 90’ and is calculated using the implicit

relation [26]
(@) h(Ts) = 7 [ r(@(T)av (19)

where #py (@) is the Planck-function weighted mean absorption coefficient at
state ¢. The mole fractions of the species for Qo are calculated as volume
weighted averages across the domain. The reference pressure is set to atmo-
spheric pressure as the cases in this study are all at constant atmospheric
pressure.

The computational requirements of the FSCK and FSSK models are
nearly identical, with the FSSK model only requiring a small increase in com-
putational effort in the pre-processing step of calculating the scaling function
[26]. Although the scaling approximation appears more constrictive, previous
studies have shown that the predictions are often more accurate when the
absorption coefficient is poorly correlated as Equation (14) provides a way to
fit the k-distributions, which are truly neither scaled nor correlated, to the
case being studied [26]. The most time-consuming part of the FSK models for
CFD calculations is the number of RTEs that are required, which is dictated
by the number of quadrature points used in Equation (15). It is important
to choose the smallest number of points to ensure timely evaluation, while
not sacrificing too much accuracy in the solution.

The calculation of the k-distributions used in Equation (12) and the
scaling function in Equation (17) can be time-consuming to calculate from
line-by-line data. To avoid this overhead it is possible to calculate the full-
spectrum k-distributions for a gas mixture from narrow-band single-specie

k-distributions with only a small loss in accuracy [25]. In this work the full-
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spectrum k-distributions were calculated from a database generated by Cai
and Modest [28] that was updated for the HITEMP2010 data [18], and is
provided as part of the Spectral Radiation Calculation Software (SRCS). To
further reduce the computational effort, the k-distributions, scaling functions
and a functions were calculated in a pre-processing step, generating a look-up
table for a series of predetermined values of ¢ and T', and linear interpolation
between these values was used when solving the RTE. The resolution of the
lookup table was set to similar values to the resolution of the database, and
increasing this resolution did not affect the solution. The mixing scheme by
Modest and Riazzi [25] is used in this study to calculate the k-distributions of
H,0/CO, mixtures. The difference in the spectral data used to evaluate the
benchmark and FSK data for CO, may introduce a source of error, however
these errors should be small at the temperatures being considered in this
study, which are below 2000K [29].

Both the correlated and scaled assumptions often break down in cases
with large gradients in temperature [30] or relative species concentrations
[27]. Under combustion conditions it is expected that there will be signific-
ant gradients in temperature at the flame edge, which could also coincide
with significant variations in relative species concentrations. Specifically for
oxyfuel, especially if the flue gas recycle is pre-dried, it is likely there will be
areas with a high CO, concentration juxtaposed to a reaction zone producing
a variable ratio of H,O and CO,. The approximations in the FSK models
need to be validated against possible oxyfuel conditions before they can be

applied with confidence.
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3. Case descriptions

The test cases used in this study are similar to the cases previously pro-
posed by Liu [17]. The radiative source term, Equation (2), and radiat-
ive heat flux, Equation (3), are solved for a 2mx2mx4m enclosure, that is
bounded by black walls and contains a participating medium with a fixed
composition and temperature.

The first case is the same as the case proposed by Porter et al. [9]. The
enclosure contains a gas mixture that is 85% CO,, 10% H,O and 5% N,
by volume, with a temperature profile that is non-uniform but symmetric
around the centreline parallel to the z-axis. The centreline temperature is
a piecewise linear profile that increases from 400K at z=0m, to 1800K at
z=0.375m and then decreases to 800K at z=4m. The radial temperature
distribution is defined as

- (T. —800)f(r)+800 r <1 (20)

800 r>1

where T, is the centreline temperature, r is the distance of the location from
the centreline and where f(r) =1 — 3r? 4 2r3. The walls are kept at 300K.
The temperature distribution is illustrated in Figure 3. The geometry is di-
vided into a 17x17x24 cell grid, with a higher density of cells in the high
temperature region, identical to the third case by Liu [17]. The SNB bench-
mark data in this work is updated with the new parameters from Riviere
and Soufiani [24]. The Ts quadrature scheme was used to generate the SNB
benchmark data. Increasing the number of rays to the Ty scheme did not

significantly affect the solution.
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Figure 3: The temperature distribution in the first case on the Y=1m plane.

The second case is defined to represent a wide range of product species
ratios that may occur under oxyfuel conditions. The temperature is uniform
within the enclosure at 1500K, and the walls are black at 500K. The species
distribution within the enclosure is non-uniform and varies so that the molar

ratio of H,O/CO, is bound between 0.125 and 2, with individual species

defined as
z z
Xn,0 =2 <Z> <1 — Z) +0.1 (21)

Xco, = 0.9 — Xu0 (22)
Xy, =0.1 (23)

2

where X, is the mole fraction of species sp. The distribution of the mole
fraction of CO, is illustrated in Figure 4. CO radiation was not considered
in either case as the majority of the radiative heat flux and source term are
expected to arise from interactions from CO, and H,O, especially in oxyfuel
cases with recycled flue gas. For the second case the geometry was divided
into a uniform 11x11x25 cell grid. The Ty quadrature scheme was used
for the SNB results on the second case as there were noticeable differences

between the Ty and Ty schemes, but not between the Ty and 77, schemes.
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Figure 4: The CO, distribution in the second case on the Y=1m plane.

Each solution was obtained using the commercial CFD code ANSYS Flu-
ent v14.5, incorporating user-defined functions to customise the radiation
model. The benchmark SNB data were calculated within ANSYS Fluent
v14.5 using an ‘on-demand’ user-defined function to ensure that the geometry
was identical between the narrow-band and global models. The finite volume
method (discrete ordinates) provided in ANSYS Fluent was used to calculate
the CK model results, using an angular discretisation of Ny = N, = 3. In-
creasing the angular discretisation to Ny = N4 = 4 did not alter the results.
Due to the reasonably large spacial resolution, producing a relatively sig-
nificant optical thickness for each control volume, the second-order upwind
method was used to calculate control surface values.

For both cases, the FSCK and FSSK models were evaluated using a
Gauss quadrature scheme, where the number of quadrature points were var-
ied between three and nine, and were applied using the same finite volume
method to solve the RTE as described with the CK model. For brevity, only
the results for three, five and seven quadrature points in the FSK models are
shown, as the solution did not change significantly for more than five points.

Increasing the angular resolution did not alter the solutions. All of the cases

18



were run in serial on a 3 GHz CPU and took less than a couple of minutes to
reach a converged solution for the FSK models, however there was a notice-
able time penalty when applying a higher number of quadrature points. The
results from the FSK models are also compared against the results from the
grey WSGG model that is available in ANSYS Fluent v14.5, which is based
on the coefficients by Smith et al. [31].

4. Results and discussion

The results for the first case are shown in Figures 5 and 6, illustrating the
variation of the radiative source term along the centreline parallel to the z-
axis and the surface radiative heat flux on the wall along the line (Om,1m,z).
The results show that an optimal choice for the number of quadrature points
lies around five points, as there is only a small change in the derived values
as this number increases. The results of the SNB and CK models show a
disagreement in peak regions.

Both of the FSK models demonstrate similar predictions for the radiative
source term in the first case, with the FSCK and FSSK models (Figures ba
and 6a respectively) marginally under-predicting the magnitude of the source
term with respect to the benchmark data. The FSCK and FSSK models also
produce very similar results with regards to the radiative surface heat flux,
shown in Figures 5b and 6b, over-predicting the values calculated with the
narrow-band models. The very good agreement between the FSK models
and the CK model supports the assessment that the discrepency between the
benchmark data can be attributed to the different RTE solvers, and that the

formulation of the global models does not sacrifice any accuracy in this case.
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(a) Radiative source term calculations along the

centreline.
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(b) Surface radiative heat flux calculations along

the wall line (Om,1m,z).

Figure 5: Results for the FSCK on the first case.
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Radiative source term (kW/m3)
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(a) Radiative source term calculations along the

centreline.
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(b) Surface radiative heat flux calculations along
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Figure 6: Results for the FSSK on the first case.
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Figure 7: Results for the FSCK model on the second case.
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Figure 8: Results for the FSSK model on the second case.
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In contrast to the FSK models, the predictions from the WSGG method
show significant disagreement with the benchmark data, as was reported
previously by Porter et al. [9].

The results for the second case are illustrated in Figures 7 and 8. As with
the first case, the plots represent the calculated values for radiative source
term along the centreline of the enclosure parallel to the z-axis, and the ra-
diative heat flux on the wall along the line (Om,1m,z). The two benchmark
models show reasonable agreement in the second case, however there is still
some disagreement in the source term and surface flux. Similarly to the first
case, the predictions of the FSCK and FSSK models only show a minor differ-
ence between using five and seven quadrature points, further highlighting a
five-point scheme as being optimal for these models under oxyfuel conditions.

Unlike the first case, the two FSK models provide visibly different results
in the calculation of the radiative source term. The major departure between
the two models is near the walls of the domain, where FSSK model under-
predicts the magnitude of the source term. As the number of quadrature
points increases in the FSSK model, this divergence from the benchmark
data increases. The heat flux prediction of the FSK models show very good
agreement with each other, but over-predict the heat flux calculated by the
narrow-band models. The heat flux calculated by the FSSK with only three
quadrature points shows very good agreement with the more refined FSSK
results, however this is not captured in the source term.

Unlike the first case, the disagreement between the SNB and FSK models
in the heat flux calculation is not captured in the CK model, and this de-

parture could be explained as an inaccuracy introduced in the assumptions
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of the FSK models. It has been shown that FSK models can be inaccurate
for pure CO, due to the inability to account for transparent regions of the
absorption coefficient [16], however the concentration of CO, in the second
case is less than the first case, while the agreement has worsened. As this is
the case, it is expected that these inaccuracies are caused by the breakdown
of the correlated and scaled assumptions in the widely varying mixture ratio
across the domain.

There is a wide disagreement between the grey WSGG and the narrow-
band models in the second case. The grey WSGG model fails to predict the
source term both qualitatively and quantitatively. Furthermore, the discon-
tinuities inherent in the parameters for the model are clearly visible in the
derived results. The surface heat flux calculations show better agreement
than the source term, however the results still show less agreement with the
benchmark data than with the FSK models.

The results presented in this section have shown that the FSCK model
demonstrates reasonable predictions in derived radiative quantities under
challenging oxyfuel conditions. The FSSK model also performs well under
these environments, but is generally outperformed by the FSCK model in
the second case considered in this work. Both FSK models showed signific-
antly better agreement than the standard grey WSGG model, and offer an

improvement in the treatment of radiative properties for CFD calculations.

5. Conclusions

This study compared the performance of FSK models in predicting the

radiative source term and surface heat flux against narrow-band predictions
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across two different cases that represent potential oxyfuel conditions, and
that challenge the inherent assumptions of the global models. The first
case, which had a non-uniform temperature distribution with a constant
gas-species composition, could be reasonably approximated with both FSK
models, with little differences between the approaches. The second case,
with significant variations in species concentrations at a constant temperat-
ure, proved to be more discriminating, and the FSCK model achieved better
agreement with the benchmark data close to the walls. From the results in
this work, the FSCK model with a five-point Gauss quadrature scheme is
recommended for modelling radiation heat transfer in CFD calculations on

an oxyfuel environment.
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