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any specific commercial product, process, or service by trade name, trademark, manufacturer, or
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by the United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any
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Abstract

The effects of radiation in particle-laden flows were the object of the present research. The pres-
ence of particles increases optical thickness substantially, making the use of the “optically thin”
approximation in most cases a very poor assumption. However, since radiation fluxes peak at
intermediate optical thicknesses, overall radiative effects may not necessarily be stronger than in
gas combustion. Also, the spectral behavior of particle radiation properties is much more benign,
making spectral models simpler (and making the assumption of a gray radiator halfway accept-
able, at least for fluidized beds when gas radiation is not large). On the other hand, particles scatter
radiation, making the radiative transfer equation (RTE) much more difficult to solve. The research
carried out in this project encompassed three general areas: (i) assessment of relevant radiation
properties of particle clouds encountered in fluidized bed and pulverized coal combustors, (ii) de-
velopment of proper spectral models for gas—particulate mixtures for various types of two-phase
combustion flows, and (iii) development of a Radiative Transfer Equation (RTE) solution module
for such applications. The resulting models were validated against artificial cases since open liter-
ature experimental data were not available. The final models are in modular form tailored toward
maximum portability, and were incorporated into two research codes: (i) the open-source CFD
code OpenFOAM, which we have extensively used in our previous work, and (ii) the open-source
multi-phase flow code MFIX, which is maintained by NETL.
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1 EXECUTIVE SUMMARY

Thermal radiation, chemical kinetics, and turbulence individually are among the most challenging
fundamental and practical problems of computational science and engineering. In fossil fuel
processes using coal, such as coal gasifiers, reactors used for post- and pre-combustion CO;
capture, and emerging technologies such as oxyfuel combustion, multiphase flow adds to the
challenge. Little attention has been paid to date to accurate modeling of radiative heat transfer
in any combustion systems, in spite of the fact that radiation is often the dominant mode of
heat transfer (being ignored or treated with simplistic “optically thin” and “gray” models); this
is true for gaseous fuel combustion [1,2], as well as for coal combustion with its strong particle
radiation. In chemically reacting turbulent flows, radiation, kinetics, and turbulence are coupled
in interesting and highly nonlinear ways, leading to interactions between turbulence and chemical
kinetics (turbulence—chemistry interactions: TCI) and between turbulence and thermal radiation
(turbulence-radiation interactions: TRI). Both have profound influences on flame behavior but,
while turbulence-chemistry interactions have received a great deal of attention over the years [3,4],
the TRI have essentially been ignored, even though TRI can be just as or even more important than
TCI [5-9].

It is well-established today that neglecting radiation in atmospheric pressure gaseous combus-
tion systems may lead to overprediction of temperature of up to 200 °C, while using the usually-
employed optically-thin or gray radiation models lead to underprediction of up to 100°C and
more [10,11]. Probability density function (PDF) based calculations of the PI have shown that TRI
always increases the heat loss from a flame, and that this additional heat loss can reach 60% of the
total and more, leading to a reduction in the local gas temperature of 200 °C or more. Therefore,
in many turbulent flames accurate prediction of radiation and TRI can be at least as important as
accurate modeling of combustion rates and turbulence—chemistry interaction. This is expected to
be even more true for the upcoming noncrude-oil-based fuels obtained from coal through Fischer—
Tropsch processes, fuels obtained from biomass, and oxyfuel processes designed for CO, capture,
because these have a higher content of radiating species in their products, resulting in strong
increases in optical thickness.

The effects of radiation in particle-laden flows have not yet been accurately quantified and
were the object of the present research. The presence of particles increases optical thickness
substantially, making the use of the “optically thin” approximation in most cases a very poor
assumption. However, since radiation fluxes peak at intermediate optical thicknesses, overall
radiative effects may not necessarily be stronger than in gas combustion. Also, the spectral
behavior of particle radiation properties is much more benign, making spectral models simpler
(and making the assumption of a gray radiator halfway acceptable, at least for fluidized beds when
gas radiation is not large). On the other hand, particles scatter radiation, making the radiative
transfer equation (RTE) much more difficult to solve.

The research carried out in this project extended our work to include radiation from radiating
large particles, and encompassed three general areas: (i) assessment of relevant radiation properties
of particle clouds encountered in fluidized bed and pulverized coal combustors, (ii) development
of proper spectral models for gas—particulate mixtures for various types of two-phase combustion
flows, and (iii) development of a Radiative Transfer Equation (RTE) solution module for such
applications. The resulting models were validated against artificial cases since open literature
experimental data were not available. The final models are in modular form tailored toward
maximum portability, and were incorporated into two research codes: (i) the open-source CFD
code OpenFOAM, which we have extensively used in our previous work, and (ii) the open-source
multi-phase flow code MFIX, which is maintained by NETL.



(1) Spectral radiation properties of particle clouds The particles encountered in fluidized bed
and pulverized coal combustors may consist of coal, ash, lime stone, etc., with widely varying
size distributions and particle loading. To make efficient and accurate calculations necessary, the
particle properties were classified, pre-evaluated and stored in appropriate databases.

(2) Spectral radiation models for particle clouds The high-fidelity spectral radiation models that
wehave developed for atmospheric pressure combustion were extended to the large absorbing/emitting—
scattering particles present in fluidized bed and pulverized coal combustors. In particular, this
required new gas—particle mixing models and consideration of scattering (in spectral models and
in the RTE solver).

(3) RTE solution module Two RTE solver modules were generated as appropriate for fluidized
bed and pulverized coal combustors. This includes a P; solver (for the mostly prevalent optically
thicker applications) with a regression (for particles) and k-distribution (for gases) spectral module,
and a photon Monte Carlo solver (for validation and for optically thinner applications) fitted with
a line-by-line accurate spectral module.

(4) Validation of radiation models The property databases and radiation models was validated to
the extent possible by comparison with experimental data available in the literature. Simulations
were carried out for fluidized beds and pulverized-coal flames, but adequate parameters and data
could only be gleaned from a couple pulverized-coal flame papers.

2 REPORT DETAILS
2.1 Radiation Models in Fluidized Bed and Pulverized Coal Combustors

As indicated earlier the state-of-the-art of radiation modeling in fluidized bed combustors and
pulverized coal combustors was extremely poor, and what little work that had been done appears
to have been carried out in Europe and East Asia. Paper after paper, e.g. [12,13], reiterates
that radiative transfer dominates heat transfer rates in both fluidized bed and pulverized coal
combustors, yet radiation was, at worst, commonly neglected, or, at best, treated using primitive
models, such as the Stefan—Boltzmann T4-power—law.

Several competing solution methods have been developed for the five-dimensional RTE, such
as the zonal method, spherical harmonics method, discrete transfer method, discrete ordinates
method, and the statistical Monte Carlo method (given in roughly historical sequence) [14]. Today,
because of its ease of implementation, the discrete ordinates method (DOM) and its modern
cousin, the finite volume method (FVM), are perhaps the most popular, and are implemented in
some form in virtually all commercial CFD solvers. However, because of large computational cost,
generally only fairly low-order FVM calculations are carried out, which suffer greatly from ray
effects: accurate FVM simulations require a directional grid as fine as the spatial one. Pulverized
coal flames and fluidized beds tend to be optically thick and, therefore, the P; method is the ideal
RTE solver for such applications. The Monte Carlo method, while computationally expensive,
can readily be implemented for even the most difficult radiation problems (strong spectral, spatial
and directional variation of radiation properties, etc.) and, as such, also enjoys a certain, rapidly
increasing popularity. The stochastic nature of PDF schemes makes them ideal candidates for the
use of a photon Monte Carlo RTE solver.

Previous work of the PI was carried out with a number of different CFD codes (ACFlux,
Fluent, OpenFOAM), which are finite-volume codes for gases, and contain Lagrangian transport
equations for droplets and particles, but no detailed multi-phase interaction models. For the
present project MFIX (Multiphase Flow with Interphase eXchanges), which is a general-purpose
computer code developed at the National Energy Technology Laboratory (NETL) for describing the



hydrodynamics, heat transfer and chemical reactions in fluid-solids systems, in particular fluidized
bed and pulverized coal combustors was installed at our UCMerced computer cluster, and was
used along with OpenFOAM for radiation module development. A radiative property database
of common coal particles was developed (to be used with, both, conventional and statistical RTE
solvers), a P; RTE solver was implemented in MFIX, an accurate spectral module for conventional
solvers (such as P;) was developed, and (mostly for validation purposes) also a multi-phase
LBL-accurate stochastic Monte Carlo RTE solver was implemented in MFIX and OpenFOAM.

2.2 Spectral Radiation Properties of Gas Mixtures with Common Coals

To calculate the full-spectrum k-distribution of a gas-particle mixture, we use databased narrow-
band k-distributions [15] of the combustion gases and mix them based on the Modest-Riazzi
model [16] to obtain the narrowband k-distribution of the gas mixture. Currently three radiative
gas species commonly involved in coal combustion are considered, which are CO,, H,O and CO.
Over each narrowband, the solid absorption coefficient of each phase may be approximated by
a constant value equals to its average absorption coefficient over the narrowband. Then the nar-
rowband k-distribution of the gas-particle mixture is obtained by adding the narrowband solid
absorption coefficients of all solid phases to the narrowband gas k-distribution over each narrow-
band [16]. The full-spectrum k-distribution of the gas-particle mixture is then compiled from the
narrowband k-distributions of the gas-particle mixture.

Solid particle radiative properties depend on their composition, size, and local number densi-
ties. With particles sizes ranging from sub-um to hundreds of um, and wavelengths-of-importance
ranging from about 0.5-10um, the radiation size parameter x = md/A generally covers the entire
range of Mie scattering from x < 0.1 (Rayleigh scattering) to x > 1000 (large particles). For a
solid particle of radius g, its spectral properties at wavenumber 1 are determined by the complex
refractive index of solids m, the size parameter x = 27man and the clearance ratio. Buckius and
Hwang [17] noticed that when normalized by their Rayleigh limit, the absorption and extinction
coefficients are virtually independent of particle size distribution and only depend on an effective
mean particle diameter. They noted that the nondimensional extinction and absorption coefficients
(B",x") may be expressed by a correlation from their Rayleigh limits as shown in Fig. 1. Then

B = [By(1 + 6.7857)] 712 + (3.09/p 1) 12 (1)
K70 = [By(1 +2.30857)] 71 + (1.66/p510) 1 2)

where f; denotes the Rayleigh small particle limit of a nondimensional extinction coefficient

* o (mio1
Bin m) = ~453 (22 - 1) ©

where ¥ is the size parameter based on mean particle radius and J denotes the imaginary part. The
solid particle (linear-based) absorption and extinction coefficients are related to nondimensional
values by

K=«kfaand f=p"fa 4)

where f, is the total area of particles per unit volume, i.e.,

fa= f:o nazn(a)da (5)

given the size distribution n(a).
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Figure 1: Extinction and absorption properties of pulverized coal as assembled by Buckius and Hwang [14]
(subscript “0” refers to Rayleigh small-particle limit).

Impure particles are modeled as pseudo-species, e.g., fixed carbon, ash, etc. Solid spectral
properties of the corresponding pure particles are calculated before weighting by the volume
fractions of pseudo-species. Because narrowband absorption coefficients k* are assumed to be
independent of temperature and pressure, they are databased online to save computational time
on property evaluations.

A radiative property database for coal was added to the MFIX source code. The database
is programmed in Fortran and is maintained as a separate module. Species are identified from
database through their names. The functions in this module return the complex refractive index
for each solid species at any individual wavenumber. It also returns narrowband averaged com-
plex refractive indices needed to predict the solids” absorption and scattering properties, and is
compatible with the gas phase narrowband k-distribution module. This module is only called by
the solid radiative property calculation module, but is in a separate file for ease of future extension.
Currently three species frequently used in coal combustion are included. Their values are listed in
Table 1.

coal composition | m
fixed carbon | 2.2 — 1.12i
fly ash | 1.5 -0.02i
volatile matter | 2.05 — 0.54i

Table 1: Coal composition and their complex refractive indices.

It should be noted that the generic interface is not limited constant (gray) complex refractive
indices, but rather any kind of spectral variations. In order to add new solid species to the database,
the user needs to first add the species name to the recognized species list and assign it an id, then
add the spectral complex refractive index function into the solid radiative property database.
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2.3 Spectral Module for Radiation in Multi-Phase Mixtures

In gas-particle flows, polydisperse particles are grouped into phases by their size and material
because of distinguishing characteristics of momentum transfer. Particles of each phase also have
individual dynamical responses to heat transfer, which requires a dedicated energy equation and
each energy equation requires an individual radiative heat source. On the other hand, the radiation
tield is described by a single radiative transfer equation (RTE), which determines the total radiative
heat source. Therefore, an accurate scheme is needed to split the total heat source across phases in
gas-particle mixtures.

Solving the RTE requires spectral models for radiatively participating gases commonly occur-
ring in coal combustion, such as CO,, CO and H,O. Their absorption coefficients have strong
spectral dependency. Common particles in coal combustion include soot, coal, char, ash and lime-
stone [18]. Their radiative properties are not gray even for gray complex refractive indices due to
dependency on the size parameter [14].

While the line-by-line (LBL) spectral model [19] provides the most accurate results of radiative
heat transfer, its large computational demands prevent its use in practical engineering applications.
Recently, k-distribution methods have been developed for gases [16,20,21]. A k-distribution is a
spectrally reordered absorption coefficient over a narrow-band or the full spectrum. Using k-
distributions, radiative heat transfer can be solved with excellent accuracy, but at a small fraction
of the effort compared to LBL calculations [16].

Although the total heat source can be accurately predicted using k-distribution methods, the
reordering process makes splitting the total heat source across phases challenging because of the
loss of spectral information. For example as shown in Fig. 3, for a nongray solid gas-particle
mixture, multiple solid absorption coefficient values may correspond to one total absorption
coefficient value. After reordering, due to the loss of spectral information, the individual solid
phase absorption of radiation is indeterminate.

In this project a regression scheme was developed to extend the validity of the k-distribution
scheme to multi-phase gas-particulate mixtures with multiple emission temperatures, and to
accurately distribute the resulting radiative source across the phases. The new method is tested
with several examples, demonstrating its validity and accuracy.

Theoretical Analysis

Consider a gas-particle mixture with particles grouped into M different phases according to their
material and/or sizes with m = 1,2,..., M and in particular let m = 0 be the gas phase. Particles
of different size possess different radiative properties and may have different temperatures due
to different reaction rates and responses to heat transfer. The spectral radiative transfer equation
(RTE) of radiation intensity I, at wavenumber 7 including absorption, scattering and multiple
temperature emission for a gas-particle mixture may be stated as [14]

dIn A u - - 1 A a o
= r;) Konlon (Tm) = n;) Kl — n;) Gamnly + n;) [asmnE f4 RGO ICER el O

where «;, are the absorption coefficient, I, the Planck function, oy, the scattering coefficient
and @y, the scattering phase function of phase m. Both absorption and scattering coefficients are
functions of state variable arrays ¢ and ?S ,i.e., @ contains the gas properties, such as temperature,
pressure and species concentration, and ¢s contains information of local particle properties such
as particle number density, radius and species.

We now apply reordering according to the total absorption coefficient at reference state (K%)



over the full spectral range [14,22]:
fn Lo 1ok — ) %

The superscript 0 indicates a reference state, i.e., K(,)]

at a reference state specified by state variable arrays ¢° and ¢°. Similar to the full spectrum k-

=Ky (?0, fg) indicates the absorption coefficient

distribution method [14], after performing the integration indicated by Eq. (7), each term in Eq. (6)
is transformed (reordered) as follows:
The path derivative (term on the left) becomes

L‘%é(k - Kn)dT] = % Llné(k - Kn)dT] = %Ik (8)
where
t= [ 1oty ©)
n

The emission term (first on the right) becomes

M
|3 Ko (T =
N m=0

M
= Z mer;Ibq(Tm)é(k - K?;)dﬂ
m=0"1

—_

M ~
=k; (k) fn Ton(To)o(k = 1) + Y ol Ti) fn I (Tun)S(k = )dy
M

=Ky o(To) fes(To, @°, °K) + Y, [l s T (T fes (T, 9°, 97, )] (10)

m=1

where the gas absorption coefficients are assumed to be correlated with total absorption coefficients,
i.e., there exists a map Ky [22]

KOT](?/ ?s, T]) = KO(?/ 95/ Kn (901 93/ n)) = K()(?, gs/ K?]) (11)
which gives
Ky = Ko(¢, @k 9", 97) (12)

The correlation assumption for a mixture of a gas with nongray particles may be examined by
plotting line-by-line gas absorption coefficients against the total absorption coefficients as shown
in Fig. 2, for a typical CO,-N-char mixture with properties given in the figure caption. The gas
absorption coefficients cluster around a monotonic curve, suggesting the existence of the map Ko
and the validity of correlation assumption. The correlation between gases at varying temperature
and concentration has been found to be good in early work on nonluminous reacting flows [16].
Such correlation is not generally available for solid absorption coefficients as shown in Fig. 3
for the same mixture. For a given total absorption coefficient, several different solid absorption
coefficients are possible. However, an apparent (or relevant average) solid absorption coefficient
may be determined from a regression as

e lon(D)3(k = )
J Bon(T)3(k = )dn

on(k; T) (13)
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Figure 2: Line-by-line scatter plot of gas phase absorption coefficient (x,;) vs total absorption coefficient
(x;). The mixture has 10% CO; and 90% N, by volume. The particles are char with a complex refractive
index m = 2.2 — 1.12i and a uniform diameter of 400 um. The volume fraction of particle is 0.001. The

mixture has a temperature of 600K.

This allows us to find a proper average value of «,;, that occurs in the presence of a total absorption
coefficient K%. The definition of the full spectrum k-distribution for a multi-temperature mixture

remains the same as its definition for a single-temperature medium:

0 0 k)= —_ _ 40
fFS(Tlf ,fs’k) = Ip(T) ‘fq‘lbﬂ(T)é(k Kr])dn

The absorption term (second on the right) becomes

M
fz KinnlyO(k — K?T)dr]
N m=0
M

- f Konlyd(k — K9 + Y f gLy Ok — 10)dn
n

m=1%1
=K f I6(k — <°)dn + L f L5k — 10)dn
Oy ! mzzl S 1ot = wdn | Jy " !

M
zkalk + [Z I%m] I
m=1
where the term in the curly braces is approximated as
Jo KmnIyd(k = K)dn . Jy Kmnlon(Tw)d(k = 1)
fn I,5(k — x9)dn fn Lo (T)8(k — x9)dn

= IA(m (k; Tr)
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Figure 3: Line-by-line scatter plot of solid phase absorption coefficient (k) vs total absorption coefficient
(x;). The regression of solid absorption coefficient against total absorption coefficient is shown by red
circles. Mixture conditions are the same as Fig. 2

This approximation is equivalent to assuming that I; o« I,(T;;) over the spectrum. The propor-
tionality factor may vary with space and direction. For example, if space and spectral dependence
are separable

Iy(x,8,1) = p(x, $)lpy(Tim) (17)

Eq. (16) is still exact when p is not a function of wavenumber. Eq. (17) is valid in an isothermal
homogeneous mixture bounded by cold black walls, or for a medium with a scaled absorption
coefficient. Deviations may arise near a wall with a different temperature, in the presence of strong
temperature gradients and if phase temperatures are very different.

The treatment of scattering will follow Modest and Riazzi [16], in which they demonstrated that
gray scattering coefficients (0sm; = 0si) and phase functions (®,; = ®;,) are valid approximations
even for extremely nongray scatterers. By dropping spectral dependence in scattering properties
and reordering according to Eq. (7), the scattering terms become

M M
1 4 A Al
f {Z Gomnly + ) O - f I,(8 )CDm,,(s,s,r])dQ]} 5(k — 19)dn
TI m=0 m=0 471

M

M
=D oonli+ )
m=0 m=0

Assuming gas phase scattering to be negligible, the summation over phases starts from m = 1.

1
Gont f B, é’)lk(s”mo] (18)
477 Am



Combining the above terms, the reordered RTE becomes

d U
%=mewwm@§w+;mwmmmwww@ﬂw]
M M M 1
F@ Z,kTmn—Z%M;Zj »E@m m@%ﬂa%
m=1 m=1 m=1 T
Defining the cumulative k-distribution as
0,900 = [ fst1® 4,90, K 20
and
Ig(g(k)l r, SA) = Ik(k/ r, é\)/fFS(TO/ forfgrk) (21)

where T? is the reference temperature and Ty the gas phase temperature. The new RTE for I,
becomes

dlg * M 7 * M 7
=2 = ky(@)a(To, T, g)Io(To) + mzl kon(g: To)a(Tr, T, 9)1o(Ton) = | ki) + mzl k(g T |1
M M
_ngmIngZ[asm 4177 f (8, 8)1,(8 )dQ] 22)
m=1 m=1

where the nongray stretching function a is defined as

(T, T, ) = (23)

To split the heat source across phases, one may use the same assumption as in the derivation
of the absorption term in the RTE for solid phases as given by Eq. (16). The heat source for solid



phase m (m > 1) then becomes

Sm=—V-qm=—fV-qmndn
n
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k=0
1
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The gas phase heat source is, assuming the gas to be correlated,

So=—V-qo=—fV-qondn
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:f f fKOnIné(k_Kq)dndde_47TKPOIb(TO)
4rt Jk=0 Jq

= f f K f Iyd(k — 1) dndkdQ) — 4rtcpoly(To)
4 Jk=0 n

:f kg (k) I, dQdk — 4rtkpol, (To)
k=0 4n
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—
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.

The total heat source is obtained by integrating Eq. (22) over all solid angles and all g, and is
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conserved because

M
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1
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Regression To calculate the full-spectrum k-distribution of a gas-particle mixture, we use databased
narrowband k-distributions [15] of the combustion gases and mix them based on the Modest-Riazzi
model [16] to obtain the narrowband k-distribution of the gas mixture. Over each narrowband,
the solid absorption coefficient of each phase may be approximated by a constant value equal to
its average absorption coefficient over the narrowband. Then the narrowband k-distribution of
the gas-particle mixture is obtained by adding the narrowband solid absorption coefficients of all
solid phases to the narrowband gas k-distribution over each narrowband [16]. The full-spectrum
k-distribution of the gas-particle mixture is then compiled from the narrowband k-distributions of
the gas-particle mixture.

The regression of solid absorption coefficient in Eq. (13) is calculated with narrowband k-
distributions of the mixture. Suppose that the spectrum is partitioned into Nyg narrowbands and
the particle absorption coefficient of phase m is approximated by a constant value k, , over the nth
narrowband. Over this narrowband, the cumulative k-distribution of the gas-particle mixture is
gn,i for a sequence of increasing ks (i = 1,2, ..., N;, where N; is the total number of k values). The
regression k, is expressed as a weighted average of k;, , from all narrowbands with the weights
proportional to the narrowband k-distributions and the narrowband integral Planck function, i.e.,

(kitkir1)/2
f Ly imyO(ki — 1<,7)dr] Loy kmn0(k — 1cp)dndk
2 _ (kitki1)/2 Jn
Fon (i) = (ki+kicn)/2 @7
f Lyyo(ki — 1cp)dn f f TonO(k — tcy)dndk
n (ki+ki-1)/2 Jn
The numerator may be expressed as
(k +k1’+])/2
Loy kmn0(k — 1cp)dndk
(ki+ki—1)/2 n
(ki+kiv1)/2
(k +k1 1)/2
T+ A1 (ki+kir1)/2
f f Loy, Kmn, O(k — 1cp)dkdn
(ki+ki-1)/2
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1In +A7]n (ki+kiz1)/2
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(ki+ki—1)/2
NNB

(ki+kir1)/2 1 N +A1y
- Z T AT f ~ S(k — 1cp)dndk
n=1 (ki+ki-1)/2 T] Mn
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NnB
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where «,,, is the constant solid phase absorption coefficient of phase m over narrowband n,
Tn+A1,
M

k-distribution at k over narrowband n, Ag;, =

Iy = I,dn is the fraction of Planck function over narrowband n, fxg(k; 1) is the narrowband

(k +k1+1 / 2
j(‘k +ki_1)/2
k-distribution around k; over narrowband n. Simllarly, the denominator reads,

fnp(k; n)dk is the change of narrowband

(ki+kir1)/2 Nnp
Tond(k = p)dndk = Y ToulAgis (29)
(ki+kizg)/2 e

Combining Egs. (28) and (29), the regression may be evaluated as

ZNNB TonKm nAgl n
ZNNB IbnAgz n

This model is implemented based on the narrowband k-distribution database for common
radiatively participating gases in combustion [15,23]. The gas spectra between 200cm™! and
15000cm™! are divided into 248 narrowbands. The solid phase absorption coefficient over each
narrowband is approximated by its average value across each narrowband. After adding the nar-
rowband constant solid phase absorption coefficients to the mixture narrowband k-distributions,
the regression is evaluated using equation (30) while the narrowband k-distribution of the mixture
is compiled into its full-spectrum counterpart [15].

A sample regression is included in Fig. 3, in which 256 k values are used, with the corresponding
k, marked by circles. Note that for small k values, gas absorption is negligible, and the k,, takes
the same value as k. For large k values (k > 3cm™!), the total absorption coefficient is dominated
by gas absorption at the line centers, and k,, approaches the solid absorption coefficient at the
corresponding wavenumber.

]Acm(kz) = km,i = (30)

Sample calculations

First consider the radiation in a homogeneous gas-particle field bounded by two parallel black
cold walls. The gas phase has 10% CO, and 90% N,. The particles are char with a complex
refractive index m = 2.2 — 1.12i [24] and a uniform diameter of 400ym. The volume fraction of
the particles is 0.001. The mixture slab has a temperature of 600K and a thickness of 7cm. The
gray scattering coefficient is evaluated at the wavenumber where the Planck function peaks and
scattering is assumed to be isotropic. The gas absorption coefficient is calculated from databased
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Figure 4: Heat source calculation of an homogeneous slab between line-by-line (solid lines) and full-
spectrum k-distribution with regression (dots). Line colors are red (total heat source), black (gas phase heat
source) and blue (solid phase heat source).

narrowband k-distributions and the solid absorption coefficient is approximated as constant across
each narrowband [16].

Equation (22) is solved with the P; approximation using 64 quadrature points for g. The results
of total, gas and solid phase radiative heat sources are compared with line-by-line calculations
in Fig. 4. The k-distribution method is capable of predicting all of the heat sources accurately (to
within 1%).

To demonstrate the accuracy of the regression method in inhomogeneous media, one-dimensional
slabs, bounded by two parallel black cold walls are considered. The slabs have two homogenous
gas-particle mixture layers with equal thickness. For all five inhomogeneous test cases, the left
layer has a solid temperature of 500K, a gas temperature of 600K and a CO; mole fraction of 5%
diluted by O, and Ny, while the right layer has a solid temperature of 500K, a gas temperature of
1200K and a CO; mole fraction of 10% diluted by O, and Nj. COs is assumed to be the only radia-
tively participating gas species, which reduces errors from k-distributions since only temperature
levels (as opposed to concentration) contribute to uncorrelation. The inaccuracy hereby primarily
comes from the approximation in Eq.(16). In both layers the particles are char with a complex
refractive index m = 2.2 —1.12i. The particle volume fractions and sizes are listed in Table 2. These
configurations approximate both unburned and burning gas-particle environments in typical pul-
verized and both fixed and circulating fluidized-bed coal combustion conditions. For large particle
volume fractions, the test layer thicknesses are reduced due to large optical thicknesses.

For all five inhomogeneous test cases, the reference states are evaluated with the method
proposed by Modest [22] using only gas phase absorption coefficients, i.e., the reference state
does not have particles. All results suggest that the proposed regression is not sensitive to the
particle volume fractions in the choice of reference state. The correlation assumption for the total
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absorption coefficients does not pose additional severe constraints upon the correlation assumption
proposed for the gas phase previously [22]. Thisis largely due to the fact that solid phase absorption
coefficients have much smaller spectral variations than gases. As a result, the gas phase absorption
coefficient is well correlated with the total absorption coefficients, e.g. Fig 2. The uncorrelatedness
in the solid phase absorption coefficient is approximately accounted for by the proposed regression
model.

Left Right
Case | [(cm) d (um) fo [(cm) d(um) fo

A 5 200 0.001 5 100 25x10™*
B 5 2 1x107* 5 0.4 4x10°
C 5 20 0.001 5 8 1x1074
D 0.5 600 0.6 0.5 400 0.05

E 0.5 600 0.3 0.5 400 0.1

Table 2: Test configurations for inhomogeneous media: layer thickness(l), particle diameter (4) and particle
volume fraction (f,)

Equation (22) is solved with the Py approximation using 64 quadrature points for g. The results
of total, gas and solid phase radiative heat sources are compared with line-by-line calculations in
Fig. 5-7. The k-distribution method is capable of predicting major trends of total and phase-split
heat source terms (Fig. 5). In particular, the gas phase heat source is predicted accurately (mostly
within 5%) in spite of the fact that it is at least one order less in magnitude than the total heat source.
This is because gas radiation primarily comes from strong bands, and the proposed regression
scheme successfully picks the solid absorption coefficients at the corresponding wavenumbers
(e.g. large k values in Fig. 3). Accurate predictions of the gas phase radiative heat source terms are
important for gas phase combustion because of much less gas phase volumetric specific heat. For
the solid phase heat source (Fig. 5), the largest deviation occurs near the interface between the two
layers. Equation (16) is greatly challenged by the sharp temperature gradient at the interface. In the
left (cold) layer, the spectral incident radiation deviates significantly from the emission spectrum
at the local temperature because of the emission from the hot layer. Away from the interface, such
deviation is reduced and accuracy improves. However, this effect is hardly observed in the hot
layer because emission from the cold layer is negligible. In the hot layer, the error is less than 1%,
which is due to the temperature difference between gas and solid phases. Such deviation becomes
smaller in more realistic situations (Fig. 6 and 7).

For pulverized coal cases (Fig 6, the left layer has a larger particle volume fraction and thus a
larger optical thickness. Strong absorption inside of this layer by both gas and solid phase causes
the radiative heat sources to decay to zero within a few centimeters, e.g., =V - g is close to zero
near x = 2cm (3cm away from the temperature jump). The gas phase radiative heat source is at
least an order of magnitude smaller than the solid phase radiative heat source, and therefore, the
solid radiative heat source is nearly equal to the total radiative heat source. Even so, the regression
model successfully recovers the gas radiative heat source.

The proposed model is more successful at higher solid volume fractions as found in fluidized
beds, as shown in Fig 7. Because of the increased solid absorption coefficients, the gas radiative
heat source is two orders of magnitude less than that of the solid, causing the total and solid
radiative heat sources to overlap. Again, even in these extreme cases, the proposed regression
model is capable of predicting gas radiative heat sources accurately. Note that inside the left layer,
due to large solid absorption coefficients, the radiation effect decays within a few millimeter from
the temperature jump (e.g. at x = 0.2cm). Therefore, the test case layer thickness appropriate

14



B Total, LBL
i /| —— Gas/LBL
05k s — Solid, LBL
T e . Total, regression-FSK
L . Gas, regression-FSK
B ‘// . Solid, regression-FSK
0
S B
—~
;-0.5 —
= i
N—r
o B
O] B
1 _1 -
15 | onsessesassss asananns
2 I I I I 1
0 2 4 6 8 10

X (cm)

Figure 5: Heat source calculation of Case A between line-by-line (solid lines) and full-spectrum k-distribution
with regression (dots). Line colors are red (total heat source), black (gas phase heat source) and blue (solid
phase heat source).

for fluidized bed configurations are reduced to 0.5cm from 5cm for the pulverized coal cases.
Nevertheless, the accuracy of the proposed model is improved in a dense particle flow as indicated
by the overlap of regression model predictions and line-by-line predictions. This is because a larger
optical thickness causes the local radiation intensity to be closer to the local Planck function, and
improves the accuracy of approximation in equation (16).

The cpu time cost of k-distribution evaluations involving one participating gas species and one
solid phase is 0.59s per cell, which involves two k-distribution compilations from the narrowband
database, one for the local temperature and the other for the reference temperature. The one-time
global evaluation of the k-distributions for the reference states is negligible when the number of
mesh cells is large. Most cpu time is used to interpolate between gas narrowband k-distributions,
assemble narrowband to full-spectrum k-distributions. The solid phase property and regression
calculations (equation 30) add less than 1% overhead.

Although the test cases involve only one solid phase, it should be noted that all theoretical
derivations are presented for an arbitrary number of solid phases. For example, all derivations
assume multiple solid phases as indicated in the subscript m. The regression calculations are
with respect to the total narrowband k-distributions after all solid phase narrowband absorption
coefficients have been added. The scenarios for multiple solid phases are the same as for a single
solid phase, making extensions to more than one solid phase straightforward. Its accuracy is
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full-spectrum k-distribution with regression (dots). Line colors are red (total heat source), black (gas phase
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Figure 7: Heat source calculation of Cases D (top) and E (bottom) between line-by-line (solid lines) and
full-spectrum k-distribution with regression (dots). Line colors are red (total heat source), black (gas phase
heat source) and blue (solid phase heat source).
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determined only by the correlation assumption and equation (16), e.g., the departure of local
incident radiation from blackbody emission.

2.4 Photon Monte Carlo with Energy Splitting Across Phases for Gas—Particle Mixtures

A line-by-line photon Monte Carlo (LBL-PMC) scheme developed by Wang and Modest [25], and
later improved for computational efficiency by Ren and Modest [26], is the basis for the current
work. Although this LBL-PMC scheme has been applied for problems including soot radiation [27],
the previous LBL-PMC models did not account for energy splitting across phases and have not
been extended to include radiation with larger solid particles. This section introduces a LBL-PMC
scheme, which incorporates emission and absorption energy splitting across gas particle phases,
and correlations for random number relations for solid particles.

Overview of LBL-PMC energy splitting scheme

The objective of the Photon Monte Carlo (PMC) method is to determine the absorbed radiation by
a participating medium by statistically simulating the process of radiative transfer using photon
bundles. Photon bundles are emitted with an assigned energy that is proportional to the local
emission potential in each of the cells where they are emitted from. The directions and emission
points of the rays are selected randomly within each cell of the domain. During tracing, a ray’s
energy is diminished according to the absorption potential of the cells that the ray traverses. Once
a ray’s energy is depleted, another photon bundle is emitted and is traced, and so on. After the
tracing of all photon bundles is completed, the divergence of the radiative heat flux as it appears
in the overall energy equation is calculated as V - qraq = Q[ — Q.1'., which is the emission minus
the absorption on a per volume basis. This LBL-PMC implementation has several extensions to
conventional LBL-PMC models employed for single gas phase media. Procedures of this extended
LBL-PMC scheme include: Emission splitting, absorption splitting, an extended wavenumber
selection to include solid phases, and random number relations for solid particles. Details of these
procedures are presented in the following sections, followed by numerical results.

Emission
The total emission from a medium, Qemi, is equal to the sum of the emission from the gas Qemig
and the solid phases Qemisn. These quantities are computed on a cell basis as

N;
Qemi,i = Qemi,g,i + Z Qemi,s,m,iz (31)
m=1
where
Qemi,(g)or(s,m),i = 4n72(g)or(s,m),ilb(T(g)or(s,m),i)vir (32)
(33)

where the & are Planck-mean absorption coefficients, N; is the number of solid phases, V; is the
cell volume, and I, are the Planck function blackbody intensities (I}, = oT*/m). The Planck-mean
absorption coefficient for the gas phase is obtained by summing the Planck-mean absorption
coefficients of the individual gas species according to

NH
R, = (Z x,ﬂzg,n] Poeq- (34)

n=1

where &, and x;, are, respectively, the Planck-mean absorption coefficient and the mole fraction of
the nth gas species, p, is the total gas pressure, ¢, is the gas volume fraction, and N, is the number of
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species. The Planck-mean absorption coefficient for solids is calculated from correlations derived
later in this report.

Since emission does not depend on ray tracing, there is no uncertainty directly related to the
PMC for computing the emission components. Therefore, the emission field is computed prior to
the start of ray tracing.

The number of photon bundles emitted from cell ¢; is determined by

Ny = = Ny (35)

where Qem; is the total emission of the medium Qemi = Zﬁ’i Qemi i, Where N; is the total number
of cells, and Nyt is a predetermined total number of photon bundles emitted from throughout the
entire medium. The uncertainty in the PMC calculations can be reduced by increasing Niot.

The emission for each phase is accounted for by dividing N,; over each phase. The sum of
the number of photon bundles emitted by each phase, N, ;; (number of photon bundles from the
gas-phase) and N, ,,; (number of photon bundles from the mth solid-phase), must satisfy, on a
cell basis,

Ns
Nr,i = Nr,g,i + Z Nr,s,m,i (36)
m=1
If Eqn. (31) is multiplied by N, ;/Qemi i, then
. . NS . .
Nr,i = Qemlr%l Nr,z' + Qeml,S,m,l Nr,i- (37)
Qemi,i =1 Qemi,i

By comparing this equation with Eqn. (36), it is found that the appropriate partitioning of emission
across phases is accomplished by emitting N, ;; gas-phase photon bundles and N; s ,,; solid-phase
photon bundles according to

Qemi,(g)or(s,m),i
Nrtgrortsmyi = =5 ——Nrir (38)
emi,

which must be rounded (and the Qemi,(g)or(s,m),i corresponding adjusted) because N;;; and Ny i
are integers.

For optimal statistical sampling, photon bundles emitted from a given cell are assigned equal
amounts of energy according to

_ Qemi,g,i _ Qemi,s,m,i _ Qemi,i
_— - - 7
Nr,g,i Nr,s,m,i Nr,i

Qi (39)
where each equality holds as a result of Eqn. (38).

In an enclosed medium there are generally two sources of emission, 1) emission from the
medium and 2) emission from the wall. Photon bundles emitted from wall faces must be included
in the ray tracing scheme. The emission from a wall face is calculated as

4
Qemi,w,i = 5w,iGAw,iTw’i- (40)

where ¢, Ay i, and Ty,; are respectively the wall face emittance, surface area, and temperature.
The number of photons emitted by the wall faces follows a similar procedure as for the cell photons.
The energy of a photon bundle emitted from a wall is computed as,

Qemi w,i
Q= == 41
! N, rw,i ( )
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where N, ,, ; is proportional to the wall emission of the face,

Qemi,w,i

N, rw,i — N tot- (42)

Qemi,total

The photon bundles emitted from the wall faces are traced in the same manner as the photon
bundles emitted by interior cells.

Wavenumber selection
This implementation of PMC adopts the line-by-line (LBL) spectral scheme that was developed
by Ren and Modest [26] for gas mixtures. This LBL scheme is referred to here as the Hybrid
Selection Scheme (HSS) because it involves deterministically selecting an emitting gas species,
then determining wavenumbers based on gas species random number relations of the selected gas
species. Following this approach of independence of emission for all species and phases, emission
wavelengths for solid phases are determined independently.

The procedure of the HSS consists of the following steps:

1. Select a random number R]:, . for each ray in a cell.

2. From that random number, select the emitting species, denoted by subscript n*, according to
the condition,

Yol'En . Yr . Ea
= <R <= 43
Etot it Etot ( )
where -
E, = f P (44)
0
and
Ng
Etot = Z En (45)
n=1

3. Determine the wavenumber 1" from the random number relations of the selected gas species,
Ry, g, rescaled from Rk,i [26]. A database for each gas species random number versus
temperature and wavenumbers built from spectroscopy datasets, such as HITEMP [28],
must be available for this scheme. Wavenumbers are determined from the database by using
interpolation for T,; and using a bi-sectional search for n* [26].

If the emitting phase is a solid phase, then the steps for the wavenumber selection are as
follows,

k

1. Select a random number for each ray in a cell, R i

2. For each random number, determine the corresponding wavenumber, 17*, from the random
number relations

o
J(; Kq,s,mlbndn/
—_———————.
fo K, s,mlpydy’

The spectral absorption coefficients «; s, are approximated using correlations, which can
be found in [17,29]. Using these correlations, we derive in the next sub-sections a method
for determining the relation between random numbers vs wavenumber and other physical
properties.

Rk

ns,m —

(46)
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Table 3: Representative values for complex index of refractions [29].

m=mn—ik Co
coal m=2.05-0.54i 3.143
char (fixed carbon) m =220-1.12i 5.023
ash m=150-0.02; 0.189

The particle absorption coefficient correlations of Buckius and Hwang [17] define a normalized
absorption coefficient

K; = Kn,s/fA, (47)

where fj4 is the total cross-sectional area per unit volume defined as

fa = fom Ttr2n(r)dr, (48)

where 7 is the particle radius and n(r) is the per volume number density. The correlations for the
normalized absorption coefficient depend on particle properties combined together as

2 )
me —1|6men &g
=9 =Cp—n,
0 [m2+2] fa R
where m = n — ik is the complex index of refraction, i is the imaginary number, J() denotes the
imaginary part, and Cy is the complex index of refraction coefficient,

(49)

Co = 36nn2k , (50)
(n2 — k% +2)° + 4n?k?

The n and k coefficients are the real and imaginary components of the complex index of refraction
of the solid particle. The complex index of refraction of selected solids are provided in Table 3.
The correlation equation for particle absorption coefficients is [17,29]

~1/16
*1.76
= ! — + %o — (51)
(rep(1 +23012)) ° 1667

According to Eqn. (46), R,s depends on three variables «7, 1, Ts. The following substitutions
make subsequent correlations more convenient: letting

Ui
&= T (52)
and c
y =Co—Ts, (53)
fa
then,
Ko = VE, (54)

and the random number relation, Eqn. (46), can be reexpressed in terms of the new variables y and
&as
d
K (yENpe(&)de’
RT],S = Loo : V - 7 (55)
I e he(&)de
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Figure 8: Random number relations and curve-fitting coefficients for particles.

where «} is now a function of y¢&, and Ij¢ is a modified Planck function,

Iy _ C1&

I = =
b T3  m(expCaé—1)

The range of £is 0 < & < oo, since 0 < 1 < oo; however, the range of y is finite.
Focusing on x;, we may expect three regimes according to particle sizes: small, intermediate,
and large particles. In the limiting case where xj; < 1 (small particles), Eqn. (51) gives

KL~ VL. (56)

At the other extreme, where 1 <« (large particles), Eqn. (51) may be reduced to
Kt~ 1.66(yE) " (57)

Since y can be factored out of the integrations in Eqn. (55) at the limit when particles are either
too small or too large, we can expect R; s to be sensitive to the value of y only for intermediate
particles sizes. This is illustrated with numerical calculations of R, s shown in Fig. 8. Profiles of
R;s vs. 1 overlap if y exceeds lower and upper limiting values.

The following algebraic expression was found to approximate R, s very well for various values of

Vs
Rysly,€) = 5 + 3 tanh ()80 - ax(7)). 58)

This expression is readily inverted to obtain 7 as a function of R, and other properties. The fitting
coefficients a; and a, were determined successively for —6 < Igy < 2, where lg is the base 10
logarithm, using least-squares minimization. A plot of the values for a; and a4, is shown in Fig.
8. As y tends to small values of y < 107>, coefficients a; and a; no longer change, as expected.
Likewise, as y tends to large values of y > 1, the coefficients a; and a, again remain constant. In
order to produce a curve fit with the algebraic expression in Eqn. (58), we use curve-fitting function
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Table 4: Correlation coefficients for random number relations.

by j=1 j=2 j=3

i=1 2358 3.469

i=2 2390 3.260

i=3 3010 2010 2742

cj j=1 j=2 j=3 j=4&
i=1 2358 3469 2443 4114
i=2 2390 3260 2526 4.078
i=3 3010 2010 2742 2.169

with two asymptotes corresponding to those of Fig. 8b. The coefficients a; and a; are, therefore,
fitted according to

b]l b12
a = —+ 59
1) exp [ci2(lgy +c11)] +1  exp[-cua(lgy +c13)] +1 (59)
b b
ax(y) = 2 (60)

= +
exp [cn(lgy +c1)]+1  exp[-culgy +c3)] +1

where values of the coefficients ¢;;, fori =1,2,and j = 1,...,4, are given in Table 4.

Planck-mean absorption coefficients for solid phases
The Planck-mean absorption coefficients are directly calculated using the Buckius and Hwang [17]
correlations for x; given by Eqn. (51),

G0 =R/fa= T [ KOO 61

Here we introduced the normalized Planck-mean absorption coefficient & which depends only
on y. Data obtained from direct numerical calculations of Eqn. (61) for —6 < 1gy < 2 are shown in
Fig. 9a as a function of g ). It is more convenient to consider the variation of 1g(«;/y) as a function
of lgy as shown in Fig. 9b. For the small particle limiting case, 1g(;/y) approaches a constant
value of 2.425. For the large particle limiting case, Ig(k;/y) approaches a linear relation with lgy
as indicated by the line equation in Fig. 9b. In order to capture the two limiting cases and the
intermediate cases, we apply the function with parameters to be obtained through least-squares
curve-fitting,

Kk b1 b
lg(Ks) ba 221lgy + b33 62)

? :exp [ca2(gy +ca1)] + 1 B exp [—caa(lgy + c33)] + 1

The fitting coefficients, c3 i with j =1,...,4, are given Table 4.

Absorption energy splitting across phases
The amount of absorbed energy by cell ¢; from the kth photon bundle emitted from cell ¢; is
computed as

Qla;bs,ij = Qg’{j (1 - eXP(_ATI:,,ij))- (63)

The quantity in parentheses is the absorptivity of cell c¢;, which depends on the local optical
distance A'ff] i The spectral variable 7 is based on the random number relations given earlier for
a given photon bundle associated with indices (i, k). The optical thickness in cell ¢; for the kth ray
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Figure 10: Illustration of a single ray emitted from cell ¢; and traversing cell ¢;. The absorbed energy is
based on the absorptivity of cell c;.

is computed as

ko k_
ATy i = Ky 1S = [Kn,k 9]+Z Kk sm]) (64)

The factor in parentheses of this equation represents the effective absorption coefficient of the cell.
The distance traveled by the ray through the cell is represented by Sfj as shown in Fig. 10. The gas

absorption coefficient is equal to the weighted sum of the gas species absorption coefficients,

Ng
Kngj = [Z xn,j"n,g,n,j] Py.j€q.i (65)

n=1

The solid phase absorption coefficients are computed according to the Buckius and Hwang corre-
lations given by Eqn. (51).
The energy of a photon bundle diminishes as it traverses each cell as it is traced according to

Qf] = Qf - Z Qabs i (66)

7 sz 1)

where the set ]]if(j_l) denotes all cells crossed by the kth ray emitted from cell c; before intersecting
cell ¢;.

The formulation for absorption partitioning across gas and solid phases is based on the follow-
ing criterion: If solids m = 1 and m = 2 are identical (same x;s,»), then energy splitting should give
identical results if the two solids where instead analyzed as a single solid phase. Therefore, the
amount of energy absorbed by the mth solid phase must be proportional its volume fraction, or
Qabs,sm < €s,m. The solid phase absorption coefficient x, s is also proportional the volume fraction

as can be seen from Eqn. (47),
* 36 *
Kns = fake = 4—7:1%, (67)
where f4 = 3¢:/(47s). Note that the gas phase absorption coefficient is also proportional to its
volume fraction (Eqn. (65)). Following the approach in [30], the simplest way to satisfy the above
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physical criterion is to assign weights for each phase according to

k (g)or(s m),j

w_k i ’ (68)
nk(g)or(s,m),j ~
W 9. + Z‘m 1 '7 S,
and compute the absorbed energies by the gas and solid phase as
Qabs (g)or(s,m),j = Z Qabs 1] (g)or(s,m),j : (69)

zke]I JK;

The valid i and k indices are such that the kth ray has intersected cell Cj, denoted by the sets I;,
and K;. Q;‘j is the incoming ray energy as it intersects the cell according to Eqn. (66). Note that
the spectral variable 7 depends on the random number relations of the emitting phase and that
the total absorption is summed over randomly selected wavenumbers, thereby accounting for the
spectral integration of the radiative transfer.

Sample calculations
The LBL-PMC method is demonstrated with a some sample problems in this section. The configu-
ration of each of the example problems are axisymmetric 1- or 2-D. Therefore, the examples given
here are based on the procedures for axisymmetric PMC tracing described in [31].

The radiative source S;,q for each energy equation may be calculated as

Srad,(g)orsm)i = =V * A(g)or(smy,i
_ Qabs,(g)or(sm),i - Qemi,(g)or(sm),i
= 7 ,
where the phase absorption Qaps ()or(sm),i 1S given by Eqn. (69), and the phase emission Qemi,(g)or(sm),i
is given by Eqn. (33).

First we consider a homogeneous medium with one gas phase and one solid phase, both at
650K. The medium is enclosed by a cylinder with cold, black walls (T, = 0 and &, = 1). The
volume fraction of the solid phase is &5 = 0.01 and is composed of solid coal particles with an
average radius of 7; = 10 ym.

The LBL-PMC method is applied to obtain the absorbed energy Q’a ,k:s = Qabs/V for each phase,
as shown in Fig. 11a. In this case, the absorption of radiation for each phase is comparable to
each other. The lower absorption trend at the wall is due to the cylinder wall absorbing emitted
radiation. The absorption of the gas is relatively flatter because CO, strongly reabsorbs what it
emits. The absorption profiles calculated with the LBL-PMC are in close agreement with the exact
solutions [29], which are also shown.

As another example relevant to fluidized-bed problems, we consider a medium which contains
a freeboard and bed section. Using the geometry described in the previous example, the lower
half (0 < z < 0.5m) of the cylindrical enclosure consists of the bed section, and the upper half
(0.5m< z < 1m) consists of the freeboard section. In the bed section, the volume fraction of gas
is ¢, = 0.99 and the volume fraction of the solid phase is ¢; = 0.01. In the freeboard section, the
volume fraction of gas is ¢; = 0.999 and the volume fraction of the solid phase is ¢; = 0.001. In
both section the gas has 10% CO; mole fraction and the average solid particle is 10°m. The gas
and solid temperature in both sections are set to T, = Ts = 650K.

Profiles of Q7' taken along the centerline of the cylindrical enclosure (r = 0) are shown in Fig.
12. In the bed section, where the volume fraction of the solid phase is greater, most of the radiation
is due to the solid phase, while in the freeboard section, the gas phase radiation is dominant. This
example problem was also used to validate the spectral PMC energy partitioning by comparing
with exact solutions [29].

(70)
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Figure 13: Flow geometry

2.5 Test and Validation Runs

To demonstrate the importance of radiation in fluidized beds and in pulverized coal combustion,
as well as the power of the here developed models, a few test cases with radiative feedback will
be described.

Fluidized-bed coal combustor with radiation via regression scheme

A fluidized-bed coal combustion case is utilized to study the radiation in coal combustors. Four
gas phase species are considered, namely O,, CO, CO; and Nj. Solid particles are modeled by two
solid phases: cold-char and hot-char. Each solid phase has two pseudo-species: fixed-carbon and
ash. Only the carbon content in the hot-char phase is reactive to gas species following the reactions

C+ %02 — CO (71)
C + CO, — 2CO (72)

One gas species reaction is also considered:
1
CO + EOZ — CO2 (73)

Finally a pseudo reaction converts solid particles from cold-char to hot-char to model the char
heating up process
Cold-char — Hot-char (74)

The fluidized-bed coal combustor is chosen to be cylindrical (Fig. 13), with a radius of 10cm
and a height of 60cm. The bottom 10cm of the combustor are filled with uniform char particles of
1Imm diameter. The char particles have a complex refractive index m = 2.2 -1.12i [24]. Two coaxial
jets are utilized to fluidize the bed particles. The central jet has a radius of 1cm and supplies a cold
gas-particle mixture (300K) at mass flow rates of 1g/s for air and 1.8g/s for char. The annulus jet has
an outer radius of 10cm and supplies cold air (300K) at a mass flow rate of 11.6g/s. The particles
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in the bed remain approximately at 1000K. The wall temperature is 800K. A two-dimensional
uniform cylindrical mesh is used, which has 20 cells in the radial direction and 60 cells in the axial
direction.
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Figure 14: Instantaneous flow fields
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Figure 15: Instantaneous radiative heat sources

Instantaneous snapshots of the flow fields without radiation are given in Fig. 14. The void
fraction is shown in Fig. 14(a), the high void fractions in the bed suggesting rising bubbles.
Temperatures of the gas and solid phases are shown in Figs. 14(b) and 14(c), respectively. Because
of small solid volume fraction in the freeboard, the temperature of the solid phase is not defined
and thereby truncated for solid volume fractions lower than 0.01, resulting in a blank freeboard in
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Fig. 14(c). Due to the high temperature of the solid phase in the bed, reactions start immediately
when air is in contact with solid particles at the bottom of the bed. The chemical reactions at
the bottom of the bed generate higher gas and solid temperatures. Near the gas bubbles the solid
volume fraction is smaller (higher void fraction at the bottom Fig. 14(a)), which results a lower heat
capacity of the solid phase and the solid temperature peaks near » = 5cm at the bottom of the bed.
However, due to the large solid specific heats (as compared to the gas), temperature variations of
the solid phases are small (within 10K) in the rest of the bed. The gas phase temperature (Fig. 14(b))
achieves equilibrium with the solid temperature after passing through the solid bed. Above the
solid bed, the gas is cooled in the boundary layer along the wall. CO is formed immediately when
air is on contact with solid particles at the bottom of the bed (Fig. 14(d)), followed right away by
CO; formation (Fig. 14(e)). Near a gas bubble, the abundant O, further reacts with CO and results
in peak CO, mass fraction (Fig. 14(e)) and a corresponding valley in CO mass fraction.

The total as well as phase-separated radiative heat sources are shown in Fig. 15. Due to the
large absorption coefficients of solid particles, the radiative heat sources of the solid phases are
only observed within a layer along the surface to the wall or to the freeboard (Fig. 15(b)). The layer
with significant radiative heat sources is a few centimeters thick. The exact thickness depends on
the volume fraction of the solids near the surface. For example, near the wall the solid volume
fraction is larger than near the top surface adjacent to the freeboard, resulting in a thinner radiation
layer, which is expected because of the resulting larger extinction coefficients. Within the surface
layer with considerable radiation, the solid heat source is an order of magnitude higher than that
of the gas. Inside the bed, small radiative heat sources are observed for both gas and solid phases,
since both gas and solid temperatures are nearly uniform and the total absorption coefficient is
large. In particular, both gas and solid radiative heat sources are near zero at the bottom of the bed,
where major heat releasing reactions take place with the formation of CO and CO,. As a result,
adding radiative heat transfer does not quench the reactions. The gas radiation peaks between
1 and 3cm away from the wall in the freeboard (Fig. 15(c)). Closer to the wall (within 1cm),
the gas temperature drops in the boundary layer causing less radiative emission. Further away
from the wall, outside the thermal boundary layer, the incident radiation becomes larger causing
more radiative absorption. The competition between these two phenomena results in a maximum
negative heat source in the gas phase at the edge of thermal boundary layer.

The temporal evolutions of gas and solid temperature with and without radiation are compared
in Fig. 16, both starting with identical flow fields. The gas temperature temporal sequence shown
in Fig. 16(a) is sampled at 0.25cm radius and 56.5cm height in the free board, as marked with a
blue dot in Fig. 13. Since the position is outside the thermal boundary layer, there is no convective
heat loss. Therefore, without radiation the gas temperature quickly reaches a higher value and has
small temporal fluctuations. With radiation, the gas temperature is lower by approximately 30K
and fluctuates more due to concentration fluctuations of CO and CO,, which are strong radiators.
The solid phase temperature shown in Fig. 16(b) is sampled at 0.25cm radius and 16.5cm height
inside the bed, as also marked with a red dot in Fig. 13. The solid phase temperature drifts at a rate
of slightly more than 1K/s (due to slow decrease of coal/increase of ash in the bed) and fluctuates
more when radiation is considered. However, the net radiative heat source at this location is
negligible as shown in Fig. 15, suggesting that the solid temperature drops and fluctuates because
of blending cooler particles from the surface after radiative heat loss.

Evolving flow fields, such as volume fractions, temperatures and species mass fractions, were
solved both with and without radiation. Time averaged fields are obtained by averaging over 5 s
corresponding to 10 times the residence time of the gas flow. Time averaged void fraction, and CO
and CO; mass fractions without radiation are shown in Fig. 17. These fields are barely changed
when radiation is considered.
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Figure 16: Time evolution of temperature of gas and solid phases between with and without radiation
starting from the same field. The gas temperature is sampled at 0.25cm radius and 56.5cm height in the free
board (marked with a blue dot in Fig. 13). The solid phase temperature is sampled at 0.25cm radius and
16.5cm height inside the bed (marked with a red dot in Fig. 13).

The time averaged temperatures of gas and solid phases with and without radiation are com-
pared in Fig. 18. To make the impact of radiation more visible, the temperatures without radiation
are accompanied by the temperature differences after radiation is considered. Without radiation
the temperature of the gas phase (Fig. 18(a)) is relatively constant in the freeboard outside the ther-
mal boundary layer. With radiation, the temperature continuously drops when gas flows through
the freeboard due to radiative emission by CO and CO; (Fig. 18(b)). Outside the boundary layer
the only heat loss is due to radiation. Within 2cm from the wall, the temperature decrease in the gas
phase due to radiation is less in the thermal boundary layer, because of strong convective effects.
In the bed, the temperature difference of the gas phase between with and without radiation is the
same as that in the solid phase because the gas-solid mixture is in thermal equilibrium. For the
time-averaged temperature of the solid phase without radiation (Fig. 18(c)) and the temperature
difference with radiation (Fig. 18(d)), results are truncated for the region where mean solid volume
fraction is less than 0.05 (i.e. mean void fraction larger than 0.95 in Fig. 17(a)) because of lack of
statistical meaning. With radiation being considered, the solid temperature is slightly reduced
(less than 15K), but only near the surface to the freeboard.

The time-averaged radiative heat sources of gas and solid phases are shown in Fig. 19. For
the gas phase (Fig. 19(a)), most radiative heat loss occurs in the freeboard, consistent with the
temperature decline in the freeboard shown in Fig. 18(b). For the same reason mentioned in the
discussion of instantaneous gas radiative heat source, the time-averaged radiative heat source is
most negative at about 2cm away from the wall. This also corresponds to the greatest temperature
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Figure 18: Time-averaged temperature field

decline in the gas phase at this radial location as shown in Fig. 18(b). Inside the bed, the radiative
heat source of the gas is zero, corresponding to the zero temperature difference in Fig. 18(b). In
particular, the magnitude of the radiative heat source is small at the bottom of the bed where
heat releasing reactions take place, i.e., radiation does not quench the reactions. The solid phase
heat source is shown in Fig. 19(b), truncated above the freeboard boundary as in Fig. 18(c). The
radiative heat source of the solid phase is only significant near the top of the bed at the surface to the
freeboard or near the wall. The heat source at the surface to the freeboard causes the temperature
decline shown in Fig. 18(d). Near the wall, convection dominates the heat transfer in the solid
phase, thereby no temperature difference is observed (Fig. 18(d)).
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Figure 19: Time-averaged heat sources

A cylindrical fluidized-bed coal combustor was chosen to study radiation feedback in packed
gas-particle flows using the multi-phase PMC module. The combustor has a radius of 10cm and a
height of 60cm. The bottom 10cm of the combustor are filled with uniform char particles of Imm
diameter. Two coaxial jets are utilized to fluidize the bed particles. The central jet has a radius of
lcm and supplies a cold gas-particle mixture (300K) at mass flow rates of 1g/s for air and 1.8g/s for
char. The annulus jet has an outer radius of 10cm and supplies cold air (300K) at a mass flow rate
of 11.6g/s. The particles in the bed remain approximately 1000K. The wall temperature is 800K. A
two-dimensional uniform cylindrical mesh is used, which has 20 cells in the radial direction and 60
cells in the axial direction. The bed of such a combustor is optically very opaque, making it almost
impossible to analyze with a PMC scheme; the problem, therefore, is meant to test the limits of the
here developed module. Figure 20 shows the 2D axisymmetric MFIX grid system employed, and
Fig. 21 shows the temporal temperature variations at the two locations indicated in Fig. 20, the first
being in the bed, the other in the freeboard. Temperatures shown are temporal values averaged
over the cells indicated for a 10s duration. It is seen that temperatures with and without radiation
are fairly similar, due to the fact that both bed and freeboard are optically extremely thick, making
radiation a diffusion phenomenon.

Validation against an experimental pulverized flame

The target flame for validation purposes is a pulverized coal jet flame piloted by a methane
flame [32]. Coal particles are entrained by air through a central jet. The central jet diameter is
6mm. Methane is injected through an annular slit between co-axial central and annular jets.

The thermophysical properties of the coal in the simulation are based on reported values with
some simplifications, and are listed in Table 5. Moisture contained in the coal is instead added
to the carrier gas, because drying is a fast process under high heating rates and completes before
coal particles are ignited. The sulfur and nitrogen components are combined with oxygen from
ultimate analysis, as this study focuses on combustion and heat transfer modeling instead of
pollution prediction.

The kinematic properties include a coal feed rate of 1.49 x 10~*kg/s, central jet air flow rate of
1.8x107*m3/s, and methane flow rate of 2.33x10~>m?/s. The corresponding Reynolds number was
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parameter value
low heating value 28.1MJ/kg
proximate analysis (wt %)
fixed carbon 57.9%
ash 15.2%
volatile matter 26.9%
ultimate analysis (wt %)
carbon 71.9%
hydrogen 4.4%
oxygen 8.5%

Table 5: Thermophysical properties.

reported as 2544. Laser Doppler Velocimetry (LDV) was used for particle velocity measurements.
Particle temperature was determined from a two color radiation pyrometer based on wavelengths
of 0.9 and 1.0 ym.

Three solid phases are considered for particle size distributions in the Eulerian-Eulerian frame-
work. The underlying particle size distribution is assumed to be a truncated Rosin-Rammler
distribution, with a minimum particle diameter of 5 ym, a maximum particle diameter of 61 um,
a mean diameter of 25 ym and a spreading parameter of 4.0. The mean particle size of 25 ym was
reported in the original experimental paper. This distribution is binned into three phases with
equal probability. The nominal particle sizes (d3;) of the three phases are 16.6, 24.8 and 35.9 um,
respectively. Their volume fractions relative to the total solid phases are 0.063, 0.237 and 0.70,
respectively.

The computational domain is two dimensional axisymmetric 3cm in radius from the jet axis
and 25cm in height from the jet exit. Radial and axial directions are uniformly discretized into 120
and 100 cells respectively. A parabolic velocity profile is used for the central jet inlet velocity, and
a free slip wall boundary condition is used at the far field.

Additional physical models were added to address important processes not directly supported
by MFIX: Turbulent mixing of gas species and enthalpy are modeled by turbulent diffusivities that
are related to turbulent viscosity through unity turbulent Schmidt number and Prandtl number,
respectively. Turbulent dispersion of pulverized particles with a size less than 50um, which are
assumed to follow turbulent eddy motions, is modeled through a turbulent diffusivity. The solid
turbulent diffusivity is identical to diffusivity of the gas species. The gaseous turbulent combustion
model invoked here is the Eddy Dissipation Concept (EDC) model [33]. The EDC model assumes
that the local mass fraction of each species decays toward its chemical equilibrium composition.
The decay rate is related to turbulent flow fields. The coal devolatilization model employed is
Kobayashi’s two rates model [34]. This model defines two competing devolatilization rates of
Arrhenius form. The total rate of devolatilization is the sum of the two, i.e.,

d VO.
";t ! = — [a1By exp(~E1/RT}) + 2By exp(~E2/RT) | myal (75)

The model parameters are identical to the original reference:

a1 =03, By =20x10%"", E; =1.05x 10°]/mol
ay =10, By =13x107s"!, E, = 1.67 x 105/mol

In Fig. 22 the temperatures of gas and solid phases without radiation are compared. The peak
gas temperature reaches in excess of 2200K, close to the CH, adiabatic flame temperature in air.
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Two flame fronts are formed. One is between the methane pilot and the central air—coal jet, the
other one is between the methane pilot and ambient air.
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Figure 22: Temperatures of separate phases without radiation. From left to right: gas, solid phase 1, solid
phase 2 and solid phase 3. White space indicates areas with negligible particle contents.

The solid phase temperature profiles (Fig. 22) are left blank in regions with low volume
fractions, because Eulerian phase properties are not properly defined. The solid phases have lower
temperature than the gas, in general, because of particle thermal response delay. Smaller particles
with shorter response time follow gas phase temperatures more closely. The solid temperatures
approach thermal equilibrium with the gas phase in the downstream (i.e., y > 15cm). Upstream
solid phases follow gas temperature near the outer front (» > 5mm) of CH, flame more closely
than near the inner flame front, because smaller solid phase velocity at the outer front leads to
longer residence time.

Results with radiation feedback are compared in Figs. 23 and 24 for temperatures, temperature
differences between the with- and without-radiation cases, and radiative heat sources, respectively.

The temperatures of gas and solid phases are similar to those without radiation since they are
controlled by chemical reactions (Fig. 23). The influence of radiation on temperature is further
illustrated by the temperature difference fields shown in Fig. 24. With the consideration of
radiation, the gas phase temperature drops by over 180K at a location of 20cm above the nozzle.
Solid phases that emit stronger experience stronger cooling effects on flame temperature. Diffused
combustion products (gases and particles) away from the flame (r > 1.5cm and y > 15c¢m) at lower
temperature absorb radiation from the flame and acquire slight higher temperature.

Radiative heat sources are shown in Fig. 25 and turn out to be mostly negative (i.e., emission
exceeds absorption). The magnitudes of the radiative heat source align with the temperature of
that phase. Both observations confirm that emission dominates radiation in this flame. The cooling
effects from these radiative heat sources are not instant and depend on residence time. This is
also observed in Fig. 24, e.g., the highest temperature drop is downstream from the peak flame
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Figure 25: Radiative heat sources of each phase. From left to right: gas, solid phase 1, solid phase 2 and
solid phase 3. Unit is cal/(cm?s).

temperature location.

Although radiation is included through the radiative heat source in the energy conservation
equations only, it also produces indirect effects on other flow variables, such as species concentra-
tions through the temperature-dependent reaction rates. In Fig. 26 the CO, and H,O mass fractions
are compared for the with- and without-radiation cases. With radiation the CO, mass fraction is
reduced downstream (i.e., y > 15cm). In this region radiative heat loss causes gas and particle
temperatures in the flame to drop by over 100K. This temperature drop significantly reduces char
reaction rates and leads to a lower levels of CO,. The mass fraction of H,O is also affected, but to
a lesser extent. In the current model H,O forms from hydrogen elements in coal particles through
devolatilization and volatile combustion. Both processes complete in the upstream (i.e., y < 15cm)
where coal particles are heated and yield the same H,O generation. Therefore, the flame shows
less variations of H,O mass fraction.

In the original flame measurements, the particle temperature is inferred from a two-color
pyrometer operating at 0.9 and 1.0um. Such a pyrometer measures line-of-sight flame radiation
at two wavelengths. The ratio of radiation intensity at two wavelengths is compared to that from
blackbody emission. This method is mostly used for surface temperature measurement, as surface
emissivity is close at two close wavelengths. However, its use in flame measurements requires
additional caution since the pyrometer readout does not reflect the particle temperature at any
location, nor the average temperature along the line-of-sight because of the nonlinear dependence
of radiation emission on temperature. In order to make a direct comparison, flame emission
is calculated here using flow field variables and integrated along a line-of-sight using particle
properties at these two wavelengths. The ratio of integrated intensities is compared against a
blackbody intensity ratio. This synthesizes the pyrometer readout from the predicted flow fields.
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Figure 26: Comparison of gas species mass fraction between with and without radiation feedbacks. From
left to right: CO, without radiation, CO, with radiation, H,O without radiation and H,O with radiation.

The temperature predictions are compared with experiments in Fig. 27. The temperature
profiles along the centerline are drawn in red. The radial peak temperature at fixed height are
shown as blue lines. The black lines show numerical prediction of the pyrometer readout. It
is clear that pyrometer readout differ from both centerline and and peak profiles, although the
predicted readout captures the overall cooling trends.

3 Summary

Several radiation solvers for fluidized-bed and pulverized coal combustion have been developed,
and have been implemented in two open source CFD codes, viz. OpenFOAM and MFIX. A database
for radiative properties of common coals has been collected, to be used with, both, conventional
and stochastic radiative solvers. A P1 RTE solver paired with a regression-based spectral scheme
was developed and imbedded into both OpenFOAM and MFIX, followed by thorough testing. In
parallel, a stochastic photon Monte Carlo solver was also developed, which allows for line-by-line
accurate spectral resolution. This module was also imbedded into both OpenFOAM and MFIX.
For validation and testing several fluidized-bed and pulverized coal combustion cases have been
studied. The resulting radiation modules, several error fixes and needed extensions to MFIX, as
well as the necessary manuals have been communicated to NETL personnel.
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