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Abstract

In this work, radiative heat transfer in axisymmetric Controlled Profile Reactor, fired with a pulverized
coal combustion jet is studied. Radiation is investigated numerically by the Finite Volume Method (FVM).
The developed numerical code is validated by comparing its predictions of the radiative heat flux with
published experimental measurements. The non gray feature of the medium is analyzed using the Weighted
Sum of Gray Gases Model (WSGG). Then the effects of the gas and particles distribution on the radiative
heat flux and on the radiative source term are presented. Finally, the influence of the gas and particle
distributions and of the temperature fluctuations on the radiative transfer is investigated.
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Introduction

Heat transfer in particulate reactive jets is domi-
nated by radiation. Such jets are always encoun-
tered in pulverized jet combustion systems such as
furnaces, boilers, coal combustors and burners. In
these systems, the medium temperatures are high,
making radiative transfer the controlling heat trans-
fer mode (Mengii¢ and Viskanta, 1987). Study of
heat radiation in such media is accomplished by the
resolution of the Radiative Transfer Equation (RTE).
Because of its complexity and its integro-differential
nature, this equation is resolved numerically. The
Finite Volume Method (FVM) became one of the
methods of choice for this kind of problems. This
method is distinguishing between the many other
methods (DTM, DOM, Zone Method, etc.) by its
flexibility when coupling radiation to CFD calcula-
tions. Moreover, the FVM can be coupled easily with
many non-gray radiation models.

In this paper, we analyze radiative heat transfer
in a Controlled Profile Reactor (CPR) fired by a pul-

verized coal combustion jet. The CPR was studied
experimentally by many researchers (Eatough, 1991;
Butler, 1992; Shirolkar and Queiroz, 1993; Queiroz
and Webb, 1996). The purpose of our analysis is to
compare our numerical predictions with the experi-
mental results and to validate the numerical tool in
such configuration. To this end, and based on the
particle number density and temperature measure-
ments reported by Queiroz and Webb (1996), the
wall radiative heat flux is predicted and compared
with the experimental data. Then, the effects of the
gas and particles distributions are studied when cal-
culating the wall radiative heat flux and the radiative
source term into the reactor. Finally, effects of the
temperatures fluctuations on the radiative transfer
are presented.

Problem description

As described by Shirolkar and Queiroz (1993) and
by Queiroz and Webb (1996), the CPR is an ax-
isymmetric down fired laboratory scale reactor, 2.5
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m in length and 0.4 m in radius. The reactor is fired
by a pulverized coal combustion jet. The walls are
grey, with an emissivity €,,=0.8. Their temperature
varies linearly from 1300K at the top of the reactor
to 1100K at the bottom.

Queiroz and Webb (1996) measured the gas tem-
perature in the reactor at 8 different radii for 7 axial
positions. These experimental measurements are in-
terpolated to obtain the temperature values at each
node of the (19x8) grid used for the numerical com-
putations. The gas temperature measurements are
presented in Table 1, in the Appendixes. Queiroz
and Webb (1996) have also estimated that the flame
zone was in the geometric space {O <z<03m;0
<r <0.15 m}.

They also measured the particle temperature at
5 different radii (for r < 20 cm) for the above 7 ax-
ial positions (Table 2, in the Appendixes). Simi-
lar to the gas, the measured particle temperatures
are interpolated to obtain the temperature values
at each node of the grid. In the annular space lo-
cated between r =20 cm and r =40 cm, we assume
that the particle temperatures are equal to the gas
ones. For the particle number density, Queiroz and
Webb (1996) have presented this parameter for three
classes of particles, at two axial positions. Based on
their data (Tables 3 and 4, in the Appendixes), we
assumed the particle distribution in the CPR given
elsewhere (Boutoub et al., 2007) and which are not
reported here.

Radiation model

In a two-phase medium, radiation can be analyzed
with two different approaches. The first is to as-
sume that absorption and emission are due to the
gas, while scattering is only related to particles. The
second type is to relate the absorption, the emission
and the scattering to particles while gas radiation ef-
fects are neglected (Baek and Lee, 2002; Kim et al.,
1999). In this work, we adopted the first approach.

The derivation of the RTE, the significance of
each term and all the details are presented in the
literature (Modest, 2003; Siegel and Howell, 1981).
For a gray gas-particles mixture, the two-phase ra-

diative transfer equation can be written as (Park et
al., 1998; Chui and Raithby, 1993a).

346

G
ds

_(K/g + K/P + US)I(g, 7?)
+rg Iy, g(F) + kp Iy, p(7) (1)
+2= [ ®(F,5) I(5,7) d

Q=47

where k4 and kp are the gas and particles absorption
coefficients, respectively. o5 and ® are the particle
scattering coefficient and the scattering phase func-
tion, respectively.

The net and incident radiative heat fluxes are
written as

N BCLNCRR (2)

Q=4n

G= / I1(5,7)dS2 (3)
Q=dn
and the boundary condition for a diffusely emitting
and reflecting wall is

I(5,7) = €w Iy (Tw)
tlzgw [ (3, Fy) |5 | A9

™
71, <0
(4)
This last equation indicates that the leaving inten-
sity at the wall is the sum of the emitted and the
reflected intensities.
For particles with uniform size, the radiative
properties can be described as (Modest, 2003; Park
et al., 1998)

kp = TdHNpQaps/4 (5)
op = Fd?gNPQsca/Zl (6)
ﬁP :o'P—i—,k;p=7Td?31\/vP62ewt/4 (7)

In their work, Marakis et al. (2000) showed that for
coal particle with a 20um of diameter, the fly-ash
mean size nears 7.4 pym. In this work, we suppose
that the particles have three different sizes (7.4 pm,
16 pm and 20 pm). If we further assume that the
maximum emitted radiation from the particles takes
place at a wavelength in the range 2-3 pym given the
considered temperatures, these three classes of par-
ticles result in a particle size parameter varying from
7.74 to 31.4 which are considered here much larger
than unity. Thus, the particles are mainly assumed
as diffusely reflecting spheres and the absorption,
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scattering and extinction efficiencies are simplified
to (Modest, 2003; Park et al., 1998)

Qabs =E&p (8)
Qsca =1- Ep (9)
Qewt =1 (10)

The divergences of the radiative heat fluxes from the
gas and from the particles are given by

Vgl = kg (4rlhg — G) (11)

V.l =k (4l — G) (12)

The RTE is solved by the FVM. In this method, and
since the radiative intensity is a function of position
and direction, both spatial and directional discretiza-
tions are needed. To do so, the solution domain is
first subdivided into discrete non-overlapping control
volumes AV, each of which contains at its center a
node P. At each node, the direction is subdivided
into non-overlapping discrete solid angles AQ2 which
always sum up to 4w Steradians. To derive the dis-
cretization equation, the integration of the RTE over
a control volume AV and a control angle AQ2 gives
the directional intensity and radiative heat flux. The
total quantities are computed by summing these di-
rectional quantities over all the control angles. For
more description of the method, we refer the reader
to many works, where the FVM is well described
(Minkowycz and Sparrow, 2003; Chai et al., 1994;
Boutoub et al., 2004; Chui and Raithby, 1993b; Kim,
1998; Liu et al., 1999).

The non gray feature of the medium is analyzed
by the Weighted Sum of Gray Gases Model. The
WSGG model gives satisfactory results. Further-
more, it is a very economical model (simple and
rapid) eventhough a compromise between accuracy
and computational time arises. The WSGG model
was first introduced by Hottel and Sarofim (1967). In
this model the non-gray gas is replaced by a number
of gray gases, for which the radiative heat transfer
rates are calculated independently. The total heat
flux is then found by adding the heat fluxes of the
gray gases after multiplication with certain weight-
ing factors. However, the total gas emissivity is ap-
proximated by a summation of a number of terms;
each one being the multiplication of a weighting fac-
tor and a gray emissivity. The total emissivity and

absorptivity are evaluated from the following equa-
tions

Ng
e= Z ac,i(T) [1 — e " F9] (13)

Ng
Q= an,i(T,Ty) [1 — e 5] (14)

where a.; , aq,; and k; are the weighting factors and
the absorption coefficient of the it gray gas, respec-
tively. Their values are obtained by fitting equations
(13) and (14) to total emissivity and absorptivity
(Smith et al., 1982; Truelove, 1976). The weight-
ing factors may be function of temperature. Smith
et al. (1982) used third order polynomials for both
ac; and ao,;. While, for an HyO-CO2-N2 mixture
at atmospheric pressure P and with Pg,0 = 0.2P
and Poo, = 0.1P, Truelove (1976) employed linear
expressions. Physically, these coefficients may be in-
terpreted as the fractional amounts of black body
energy in the spectral region where a gray gas hav-
ing absorption coefficient x; exists. For a transparent
region of the spectrum (clear gas), the absorption co-
efficient is set to zero in order to account for windows
in the spectrum between spectral regions of high ab-
sorptions.

The weighting factors must sum to unity and also
be positive. For the clear gas, the weighting factors
are evaluated from the following relations

Ng
Qe 0 = 1- Zaa,i (15)
=1

Ng
o0 =1= aai (16)
i=1

Using the WSGG model, the RTE for the i’ gray
gas may be expressed as

dli(gu 7?) _

= (ki + kp +0)L(8,7) + kp I i(7)

+ri Iy i (F)ae,:(T)
+Z_; f (I)(g”,g‘) Iz(gyuf) dQI
Q'=4r
(17)
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subject to the boundary condition

Ii(§7 Fw) = Ew Ib,w (Tw)aa,i(T)

+lte [ L(F, ) |F ] A
5 Ty <0
(18)

After solving the RTE for each gray gas, the total ra-
diation intensity, the incident heat flux, the net heat
flux and the radiative source term are respectively
calculated from the following relations

Ng
m=y"nr (19)
=0

Ng Ng
Gl => G0 =Y [ @)
=1

=11, (75)dQ

Ng Ng
IRCED SUTHED DI BRCY
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Ng
V- uarl®) = 3 Vi)
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Ng
= z::l R [47m€7i(T)Ib(F) — GZ(F)]

Results and Discussions

In this section, we present the predictions of the
wall radiative heat flux and the radiative source term
(—V - ¢%®) in the reactor for different configurations.
First, we present the predictions when the medium
is assumed non particulate. Then, the particles are
added and their effect on the radiative transfer is
analyzed. Finally, the effect of the temperature fluc-
tuations on the radiative source term in the medium
is investigated. It is noted here that the Finite Vol-
ume Method is used in this analysis with an angular
grid system of (Ny x Ny) = (8 x 12) based on
earlier work of the authors (Boutoub et al., 2004).

Non Particulate Case

In this first configuration, we consider only the gas
phase in the reactor. Non gray radiation was an-
alyzed by the WSGG model. For this model, the
weighting factors are available for pure COs, and
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H0 gases (Smith et al., 1982) and for {H2O, COs,
N2} mixtures (Smith et al., 1982; Truelove, 1976)
which is a representation of a combustion gas prod-
ucts. In their work, Queiroz and Webb (1996) have
not presented measurements of COs concentrations.
Furthermore, for this kind of applications, the wa-
ter vapor concentration is negligible in the reactor,
and radiation from the gas phase is mainly due to
CO;. Because of that, and based on the weighting
factors given by Smith et al. (1982), we model the
gas phase as a mixture of COy and Ny with 10% for
the COs The prediction of the wall radiative heat
flux is presented on Figures 1 and compared with
the experimental data. The comparison shows that
the numerical calculations underestimate the exper-
imental measurements. This is due to neglecting the
particles presence in the medium and to the limited
accuracy of the WSGG model. Nevertheless, and
despite the assumption made on the gas phase com-
position, the results present similar trend with the
data. This shows that the radiative heat flux predic-
tions are mainly controlled by the temperature field
in the furnace.

300.00—
G
> B Queiroz and Webb, (1996)
(kWm )_ Predictions
200.00— o
u
a
a
= a
a
a
100.00—
000 T I T I T I T l T I
0.00 0.40 0.80 1.20 1.60 2.00
z (m)

Figure 1. Wall radiative heat flux.

Particulate Case

In this case, we consider the presence of solid re-
active particles in the reactor. In order to model
the most important particles in the reactor, which
are coal, char and fly-ash, we consider three types
of particles which are characterized by three diam-
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eters {d.=20pm ; dep,=16pm ; dy=7.4um}. Their
emissivities are assumed to be £.=0.8, £.,=0.8 and
€¢=0.4, respectively. The wall radiative heat flux
is reported on Figure 2. The figure shows satisfac-
tory agreement between the measurements and the
numerical predictions of the particulate case.

Further examination of Figure 2 shows also the
important role of the particles in the transfer when
comparing the results obtained with and without
particles in the medium (figure 1). Consequently,
it seems crucial to know the particle distribution in
the medium, particularly the density and diameter
of the particles which have the highest concentration
in the medium, such as the fly-ash in this case.
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Figure 2. Wall radiative heat flux.

The radiative source term distributions in the re-
actor are calculated for the particulate and non par-
ticulate cases and presented on Figures 3-4. The fig-
ures show clearly the important contribution of the
particles to the radiative source term. In fact, and
with reference to the non particulate case, the pres-
ence of the particles increases the radiative source
term values in the reactor. Thus, a strong influence
on the temperature field in the reactor would be ob-
served when coupling radiation to CFD calculations
and new distribution of heat fluxes and species con-
centrations could be observed, particularly near the
flame zone.
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Figure 4. Radiative source term (kW/m?®) (with parti-
cles).

Effect of the Temperature Fluctuations

To illustrate this effect, we present the results for
the limiting case where the fluctuations have their
maximum values. These fluctuations can result from
the measurement uncertainty, but they can also re-
sult from the turbulence in the reactor, which is very
strong in such applications. As reported by Queiroz
and Webb (1996), the gas temperature uncertain-
ties are estimated as AT/T=+2.5% into the reac-
tion zone, and as AT=+9K outside of the flame
zone. Whereas, the particle temperatures fluctua-
tions are measured and presented in Table 5, of the
Appendixes.

The influence of the temperature fluctuations is
analyzed by comparing the predictions of the radia-
tive source term in both cases; with and without fluc-
tuations. Results, featured on Figures 5, show that
the fluctuations of temperature have an important
effect with regard to the radiative source term. In
fact, and comparing to Figure 4, figure 5 shows that
the radiative source term reaches high values when
the fluctuations are maximum. These high values are
observed particularly in the flame zone. This effect
is well featured on Figure 6 where the evolution of
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the axial radiative source term is presented against
the axial distance.
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Figure 5. Radiative source term (kW/m?) (with temper-
ature fluctuations).
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Figure 6. Radiative source term near the centreline.

Conclusion

Radiative heat transfer in axisymmetric cylindrical
CPR is studied. The reactor was fired by a pulver-
ized coal combustion jet. Radiation was numerically
analyzed with the Finite Volume Method, which is
coupled to the WSGG model to study the non gray
feature of the medium. Numerical results show ac-
ceptable agreement with experimental measurements
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when predicting the wall radiative heat flux in the
particulate medium. Results also show a strong ef-
fect of the particles on the radiative transfer and par-
ticularly on the radiative source term. Finally, the
analysis of the temperature fluctuations effect shows
that the radiative source term reaches high values
when the fluctuations are maximum. These high val-
ues are observed particularly in the flame zone where
the fluctuations are important.

Nomenclature

a.; Emissivity weighting factors
Absorptivity weighting factors

Total incident radiation

Radiation intensity

Number of gray gases

Unit normal vector at the control

volume face 4

Pressure

Radiative heat flux

Cylindrical coordinates

Position vector

Distance traveled by a ray

Unit directional vector

Temperature

Extinction coefficient

Emissivity

Scattering phase function

Absorption coefficient

e
2
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QZHQ

!

N

DT O TR ®® 3R o g

<
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w

Wavelength

Polar and azimuthal angles
Stefan-Boltzmann constant
Scattering coefficient
Transmissivity

Scattering albedo

Subscripts

T TQo

Black body
Gas
Particle
Wall
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Appendixes
Table 1. Gas temperature field in the reactor (K) (Queiroz and Webb, 1996).

0.35 | 1360.2 | 1188.5 | 1452.4 | 1387.4 | 1144.5 | 1165.4 | 1041.9
0.30 | 1416.8 | 1303.7 | 1483.8 | 1414.7 | 1226.2 | 1242.9 | 1203.1
0.25 | 1437.7 | 1389.5 | 1494.2 | 1427.2 | 1312 | 1251.3 | 1226.2
0.20 | 1458.6 | 1506.8 | 1500.5 | 1444 | 1322.5 | 1261.8 | 1230.4
0.15 | 1582.2 | 1575.9 | 1488 | 1412.6 | 1328.8 | 1270.2 | 1234.6
0.10 1645 1599 | 1475.4 | 1404.2 | 1324.6 | 1268.1 | 1236.6
0.05 | 1638.7 | 1588.5 | 1448.2 | 1395.8 | 1320.4 | 1263.9 | 1238.7
r(m)

z(m) | 0.15 0.30 0.55 0.70 1.10 1.50 1.90

Table 2. Particles temperature field in the reactor (K) (Queiroz and Webb, 1996) .

0.20 | 1334.9 | 1366.3 | 1376.7 | 1364 | 1294.2 | 1245.3 | 1196.5
0.15 | 1397.7 | 1384.9 | 1382.5 | 1370.9 | 1301.2 | 1246.5 | 1204.7
0.10 | 1404.7 | 1382.6 | 1383.1 | 1372.1 | 1308.1 | 1248.8 | 1205.8
0.05 | 1224.4 | 1341.9 | 1384.3 | 1379.1 | 1310.5 | 1252.3 | 1207
r(m)

z(m) | 0.15 0.30 0.55 0.70 1.10 1.50 1.90

Table 3. Cumulative particle number densities for three classes of particles at the axial position z=0.30m (Queiroz and

Webb, 1996).

Cumulative number Cumulative number Cumulative number

density for 1um size density for 10um size density for 20um size
r(cm) Np r(cm) Np r(cm) Np

(particules/cm?) (particles/cm?) (particles/cm?)

2.51 7515.20 2.51 321.82 2.50 76.53
7.50 17818.00 7.49 625.45 7.46 210.61
12.50 20485.00 12.51 605.45 12.50 193.47
17.52 21879.00 17.49 605.45 17.50 184.90
22.51 18485.00 22.51 501.82 22.50 121.22
27.51 10061.00 27.49 221.82 27.50 29.39
32.50 4969.70 32.51 21.82 32.50 1.22
35.01 2909.10 35.02 3.64 35.00 0.00
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Table 4. Cumulative particle number densities for three classes of particles at the axial position z=1.5m (Queiroz and

352

Webb, 1996).
Cumulative number Cumulative number Cumulative number
density for 1um size density for 10um size density for 20um size
r(cm) Np r(cm) Np r(cm) Np
(particules/cm?) (particles/cm?) (particles/cm?)
2.51 6909.10 2.51 87.27 2.50 16.53
7.50 6181.80 7.49 114.55 7.50 24.49
12.50 6969.70 12.51 109.09 12.50 20.20
17.52 9272.70 17.49 116.36 17.50 21.43
22.51 14848.00 22.51 154.55 22.50 31.84
27.51 16061.00 27.49 161.82 27.50 32.45
32.50 9575.80 32.51 85.46 32.50 16.53
35.01 3818.20 35.02 14.55 35.00 1.22

Table 5. Particles temperature fluctuations (K) (Queiroz and Webb, 1996).

0.20 | 30.4 | 19.5 | 10.7 6.7 5.3 3.7 2.9

0.15 | 55.8 | 25.8 | 11.1 5.5 4.3 3.0 3,4

0.10 | 54.2 | 28.2 | 11.5 5.3 4.1 3.0 3,0

0.05 | 32.0 | 28.4 | 14.2 7.5 4.2 3.0 3,0

r(m)

z(m) | 0.15 | 0.30 | 0.55 | 0.70 | 1.10 | 1.50 | 1.90
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