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Abstract

The experimental investigation of radiation in large combustion chambers is chal-
lenging due to the harsh environment and various radiation effects. This chapter
presents experimental findings from several laboratory-scale studies that exam-
ined these effects separately. One goal was to determine the emissivity of the solid
fuels and of ash utilising two setups: (1) observing a particle streak in a laminar
flow reactor (LFR) and (2) studying laser-ignited fuel particles. The emissivity
of both investigated solid fuels (Colombian bituminous coal and walnut shells)
decreased with increasing temperature and progressing conversion, where min-
eral content has also an influence. For particles at higher levels of conversion, a
final increase in emissivity was noticed. A spectroscopic experiment examined
the emissivity of typical ash components and their mixtures. Carbonates and sul-
phates exhibited characteristic temperature- and wavelength-dependent emission
trends, with specific emission bands attributed to CO3 and S—O functional groups.
Another goal was to determine the index of refraction of the solid fuels experi-
mentally. It was measured at room temperature and for burning particles applying
inverse Mie-theory.

18.1 Introduction

In pulverised fuel combustion chambers, radiative heat transfer is one of the major
heat transfer mechanisms. Especially in large systems, the influence of radiation
exceeds the heat transfer contributions of convection and conduction. Considering all
possible radiation sources in such a chamber, the radiation can be separated into three
main parts. These parts are particle radiation, gas radiation, and the radiation emitted
by the chamber walls. The main source of thermal radiation in combustion systems
are solid materials, namely the fuel particles and the chamber walls. Consequently, the
individual solid fuel particle and wall material radiative parameters have a decisive
influence on the behaviour of the combustion process. In addition to the emission of
radiation from varying sources, also the interaction of solid materials with thermal
radiation inside the chamber needs to be considered. The interaction of single fuel
particles with thermal radiation is of special interest, as the typical particle sizes lead
to complex radiation scattering effects.
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18.2 Emissivity of Solid Fuel Particles
18.2.1 State of Research

From the study by Chen et al. [1] it is known that the contribution of particle radiation
to the overall radiation in an oxy-fuel combustion system can rise to 70%. This
confirms the high interest in a well-defined emissivity of the applied single fuel
particles visible in the series of studies which aimed for this parameter.

First, the influence of iron oxide Fe,O3 and Fe304 on the emissivity of fuels was
investigated and proven by Boow and Goard [2]. Following, this result was confirmed
by Wall et al. [3] and Brewster and Kunitomo [4]. For Fe,O3, these results were
extended by the results of Greffrath et al. [5], who showed a dependence of fuel ash
emissivity from the ash’s iron content.

With the known influence of different fuel compositions, Baxter et al. [6] mea-
sured the emissivity of single coal particle layers of various degrees of carbonisation
at temperatures below 200 °C between € = 0.6 and 0.8. Besides the influence of car-
bonisation degree, they also found a decreasing trend of the emissivity with higher
temperatures. Via emission/transmission spectroscopy at 300-782K, Solomon et al.
[7,8] confirmed the influence of the fuel’s degree of carbonisation and found an influ-
ence of the fuel degree of pyrolysis, resulting in the observation of a non-grey, and
therefore wavelength dependent emission behaviour. These results were further con-
firmed and extended by Bhattacharya and Wall [9], where the investigations of thin
layers of coal chars at temperatures up to 1000 °C showed a dependence of the emis-
sivity from the coal type, temperature, particle diameter and conversion progress.
Furthermore, in the wavelength range from 2 to 5 um the non-grey behaviour was
confirmed with emissivity variations between € = 0.6 and 0.85. Single particle emis-
sivities in combustion systems were first measured by Rego-Barcena et al. [10]. At
a wavelength range of 3.95 pm the particle emissivity was proven to be temperature
dependent. Furthermore, Bickstrom et al. [11] measured the emissivities at differ-
ent flame locations, varying from € = 0.15 to 0.45. Overviewing all these studies
and their individual findings, Yin [12] concluded that the available literature data of
fuel emissivities were still incomplete, even though they are highly mandatory for
simulations.

18.2.2 Emissivity Definition

The wavelength-dependent total emissivity of a single fuel particle describes its
ability to emit radiation at a specific wavelength A. The total radiation intensity of
the particle emitted at this wavelength Ip, is compared to the respective intensity

Ipp, emitted by a theoretically identical blackbody radiator, given by:

Ip,

€p;, = (18.1)

IgB,
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The emitted radiation intensity of the blackbody depends on the particle surface area
A and temperature T, as given by the Stefan-Boltzmann law for a blackbody radiator:

Igg=0 AT* (18.2)

As shown in Chaps. 2 and 3, the composition of an individual fuel particle changes
during burnout, raising the question how composition and structural changes affect
the particle emissivity as the particle reacts. Consequently, the total emitted radiation
as well as the individual temperature and surface area of single reacting particles
during their burnout need to be determined experimentally. In the following, the
received particle parameters are compared to reference radiation intensities received
via calibration measurements of a blackbody reference radiator.

18.2.3 Experimental Setups

For the experimental determination of the particle size, temperature, and total emitted
radiation intensity during burnout, two different setups were applied. While the first
setup by Graeser and Schiemann [13] is used for investigations of particles in a
laminar flow reactor (LFR), the second setup by Portner et al. [14] observes laser-
induced burnout of single particles in a single particle reactor (SPR). The laminar flow
reactor setup is used to determine particle parameters at different, but limited, particle
reaction times, while the single particle setup provides results for the entire reaction
time of a single particle. Both setups are schematically illustrated in Fig. 18.1.

In the LFR setup of Graeser and Schiemann [13], the radiation emitted by the
burning particles in the laminar flow reactor is captured by a 90° off-axis parabolic
mirror and focused onto a coded aperture. This aperture is used to measure the
particle size, as it has several slits of defined size that allow to determine the average
diameter of the particle from the shape of the detector signals. The radiation passing
this aperture is collimated by a second 90° off-axis parabolic mirror and guided
to a polka-dot filter. As this filter has an array of reflecting and transmitting areas,
the particle radiation is splitted into two identical parts. The reflected part of the
radiation is focused by a CaF, lens onto an IR detector, which records the total
emitted radiation intensity. Either an InSb detector with an operation wavelength
range in the mid infrared region (MIR) from 2.4-5.5 pm or a spectrometer with an
operation wavelength range in the near infrared region (NIR) from 1.25-2.25 pm is
applied. Radiation that is not reflected by the polka-dot filter passes through it and hits
a beam splitter cube, which splits the incident radiation into three different parts by
multiple surface reflections. Two of the resulting beams are spectrally filtered, using
narrow bandpass filters with central wavelengths of 550 £ 10 nm and 700 £ 10 nm.
Each of the beams is focused onto a photomultiplier tube (PMT), which records
the intensity of the incident particle radiation in the respective spectral range. The
intensities measured by the PMT are then used to determine the particle temperature
through two-colour pyrometry.

When measuring the total emitted radiation, it is essential to ensure that a measured
particle is located in the centre of the probe volume. Therefore, a He-Ne laser is
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Fig. 18.1 Experimental setups for the determination of fuel particle emissivity a) in a laminar
flow reactor (reprinted from Graeser and Schiemann [13], Copyright (2016), with permission from
Elsevier) and b) for the determination of fuel particle emissivity via laser-induced single particle
burnout [14]

focused on the centre of the beam using a 90° off-axis parabolic mirror. The laser
radiation scattered by the particle is also captured by the previously described setup
and directed to a third PMT. This PMT is equipped with a narrow band filter with
a central wavelength of 632 4 10 nm, which ensures the detection of laser radiation
only.

A laser-induced ignition setup is used for single fuel particle investigations in the
SPR. A single particle is positioned on a mechanical support at the centre of the
setup and ignited by a diode laser. The diode laser emits radiation with a total power
of 1.2 W at 450 nm, which is focused onto the particle via a biconvex lens. After
the particle is ignited, the radiation emitted by the particle is analysed in different
spectral ranges.

Similar to the optical setup on the LFR, the emitted particle radiation is collected
by a lens system and directed onto a 50:50 beam splitter for particle temperature
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determination by two-colour pyrometry. A high-pass filter with a cutoff wavelength
of 500 nm suppresses scattered laser radiation from the particle surface. Prior to
detection by two PMT, the particle radiation is spectrally filtered using narrow band-
pass filters with central wavelengths of 550 & 10 nm and 700 £ 10 nm.

In contrast to the LFR setup, the two infrared detectors of the SPR setup are
used simultaneously to determine the total emitted radiation intensity of the particle.
The emitted particle radiation is collected by a CaF, lens system and directed to an
infrared 50:50 beam splitter for simultaneous detection in the NIR (1.25-2.25 pm)
and MIR (2.4-5.5 wm) spectral ranges.

18.2.4 Methods

The determination of the individual particle parameters during burnout is based on
reference calibration measurements performed on a blackbody reference radiator.
The respective reference data sets contain temperature, diameter, and total emitted
radiation calibrations, which are outlined in the following.

As discussed, in the laminar flow reactor (LFR) setup of Graeser and Schiemann
[13], the determination of the individual particle diameter is performed by the coded
aperture. As a particle moves through the probe volume, two signal intensities 7
and I are recorded using the specific aperture shown in Fig. 18.2. It can be shown,
that this aperture leads to an intensity ratio 1/, which is proportional to the particle
diameter Dp.

L=20p, (18.3)

To determine the diameter for various intensity ratios, the system was calibrated
simulating radiating moving particles of different sizes. Radiating moving particles
were simulated by a backlit rotating disc with various precision pinhole apertures. The
different pinhole diameters cause varying intensity ratios detected with the PMT. An
illustration of the coded aperture with a single particle (yellow dot) and the resulting
ratios of the reference signal peaks, together with a linear regression function, are
shown in Fig. 18.2.

In contrast to this procedure, in the single particle experiments of Portner et al. [14]
in the SPR, the particle diameter was assumed to be constant. Therefore, the results
presented later must be treated with caution, as the variation in particle diameter has
a large effect on the emissivity determined.

Two-colour pyrometry is used to determine the particle temperature in both setups,
the LFR and SPR, using the radiation intensities /550 and I7099 at 550 £ 10 nm and
700 £ 10 nm, and calculating their ratio I;

I
L =20 (18.4)
T700

To assign an intensity ratio obtained from the particle experiments to the respective
temperature, calibration measurements using a blackbody reference were performed
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Fig. 18.2 a) Schematic illustration of the coded aperture with the defined slit sizes S1 and S2.
(reprinted from Graeser and Schiemann [13], Copyright (2016), with permission from Elsevier)
and b) diameter D calibration curve determined by precision pinhole experiments [15]
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Fig.18.3 a) Temperature calibration curve of the laminar flow reactor setup [16] and b) temperature
calibration curve of the single particle setup [14]

for both experiments. For varying radiator temperatures, the radiation intensities /5s¢
and Irqo of the reference radiation were recorded by the PMT, resulting in temperature
dependent intensity ratios /,. Via the definition of /; and Wien’s radiation law, the
relation between the measured intensity ratio and the temperature of the observed
blackbody radiator is given in the study by Graeser et al. [16] as

-1
_heco (1 —22) L(a)

A regression of (18.5) on the measured intensity ratios via the fit coefficient « leads to
the calibration curves of both setups shown in Fig. 18.3. This allows to determine the
particle temperature for a wide range of particle radiation intensity ratios. Note that
the fit coefficient « is different for the two optical setups, as it takes into account all
individual setup radiation intensity losses. Caused by the measurement uncertainties,
this method is only valid for temperatures above 1550 K.

For each possible particle temperature and size, a respective blackbody radiation
intensity is mandatory to determine the particle emissivity. For the determination
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Fig. 18.4 a) Measured blackbody reference data for the laminar flow reactor setup. The different
lines denote different diameters of the pinholes as specified in the legend (reprinted from Graeser and
Schiemann [13], Copyright (2016), with permission from Elsevier). b) Reference surface determined
from the calibration measurements of the single particle setup [14]

of this reference radiator intensity /g, the optical setup needs another calibration.
The respective optical part of each setup is positioned in front of a blackbody refer-
ence radiator, which was equipped with precision pinhole apertures of varying size.
These apertures were positioned between the optical setup and the blackbody ref-
erence radiator in the probe volume of each individual setup. The signal intensities
received from the NIR-spectrometer and the InSb detector (MIR) were recorded for
all pinhole diameters and varying temperatures and thus, form the intensity reference
data. These data sets were interpolated to provide reference intensities also for parti-
cle temperature and diameter combinations not represented by the chosen reference
radiator temperatures and pinhole diameters. Illustrations of the reference data sets
in the MIR are presented for both setups in Fig. 18.4.

18.2.5 Results

Colombian Coal Particle Emissivity with Carbon Conversion Evolution

The carbon conversion evolution of the single particle emissivity of Colombian coal
bituminous (CBC) particles was investigated by Graeser et al. [17,18]. The particle
emissivity was measured in the laminar flow reactor at five different heights of the
burning particle streak, covering early and late char burnout regions. Conversion
identification was performed by taking particle samples from the streak at the corre-
sponding emissivity measurement heights, applying a water-cooled, nitrogen-purged
sampling probe. The ultimate analysis results are shown in Table 18.1 while the mea-
surement heights as well as the determined emissivity and conversion is displayed
in Fig. 18.5. With increasing ash content, the carbon conversion continuously rises
from 49% at a height of 12.5cm to 62% at a height of 22.5 cm. At the same time,
as the conversion of the particles increases, the emissivity in both spectral regions
decreases. In the NIR, the emissivity decreases almost linearly from 0.53 at a height
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Table 18.1 Results of the ultimate analysis (dry basis), ash yield asampie (dry basis), and carbon
related conversion c at different heights of the flat flame burner combustion chamber from Graeser
and Schiemann [17]

Height CHE1.6) |HE&EOD [N&oD asample (£0.3) ¢

[cm] [wt.%] [wt.%] [wt.%] [wt.%] (%]

0.0 72.4 4.6 2.0 5.9 0

12.5 823 1.0 22 124 49433
15.0 85.1 0.4 1.8 13.1 50+£3.2
17.5 83.7 0.2 15 13.9 54429
20.0 822 0.2 1.4 14.7 5742.7
225 81.1 0.3 1.3 16.3 62424

Table 18.2 Results of the ultimate analysis (dry basis), ash yield agry (dry basis) and carbon related
conversion ¢ of the initial fuel samples and samples taken from the particle streak of the LFR [19]

Initial fuel sample Taken from LFR

SiO,-HTC Fe,O3-HTC SiO,-HTC Fe,O3-HTC
(%] [%] [%] (%]

C 66.4 67.7 70.4£1.6 69.6+1.6

H 39 4.5 3.6%0.1 3.610.1

N 0.3 0.8 0.6£0.1 0.8+0.1

o 29.4 27.0 25.5+1.8 26.0+1.8

adry 32 232 5.440.3 33.7+0.3

c 0.0 0.0 39.0£13.0 40.0+3.0

of 12.5cm to 0.41 at 22.5 cm. Confirming this trend, the emissivity data in the MIR
decreases from 0.70 at 12.5cm to 0.63 at 22.5 cm.

Influence of Fuel Mineral Content on the Emissivity of Synthetic Carbonaceous
Fuel

To investigate the influence of the fuel mineral content on the total particle emissivity,
Graeser et al. [19] performed emissivity measurements in the LFR on two samples
of a synthetic carbonaceous fuel (HTC). Further details on HTC generation can
be found in the study by Graeser et al. [19] and Sect.4.2. As SiO, and Fe;O3 are
important coal ash constituents, both samples were doped with 5% SiO; and one of
the samples with additional 25% Fe,O3. The sample’s emissivities were investigated
in the previously described setup at a height of 7.5 cm above the burner surface in
an oxy-fuel atmosphere containing 25% O;, 56% CO,, and 19% H;O. Fuel samples
were taken at this burner height to provide information on particle conversion. The
ultimate analysis results of the two initial HTC samples and fuel samples taken at a
burner height of 7.5 cm are presented in Table 18.2.
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A composition comparison of the raw fuel and the samples taken at a burner height
of 7.5 cm show an increasing carbon and decreasing hydrogen content with burnout.
Additionally, the ash yields increase and the resulting conversions are comparable for
both samples. The results of the emissivity measurements are presented in Fig. 18.6.

In both spectral ranges (NIR and MIR), the Fe,O3-doped sample exhibits sig-
nificantly higher mean and median emissivity compared to the sample doped solely
with SiO;. With a difference of 0.13 in the NIR, this effect is slightly more pro-
nounced in this spectral range compared to the MIR, where the difference is 0.10.
Possible explanations include the additional doping process with iron oxide, which
could induce changes in particle structure and/or porosity, that are known influenc-
ing factors [20]. Additionally, catalytic effects of Fe,O3 and heterogeneous mineral
distributions within the fuel may have influenced the fuel structure. Furthermore,
determined single particle emissivities with values above 1 are caused by measure-
ment method uncertainties.

Temperature Dependence of Colombian Bituminous Coal Particle Emissivity
The influence of the particle temperature on single bituminous Colombian coal parti-
cles (CBC) was investigated in the LFR by Graeser and Schiemann [21]. An analysis
of the raw coal sample with a sieve fraction of 160-200 pwm showed a carbon content
of 72.4%, hydrogen content of 4.6%, and nitrogen content of 2.0%. The ash yield of
the samples was determined to be 5.9%. For the measurements in the laminar flow
reactor, the oxygen concentration of the reaction atmosphere was varied to achieve
different particle temperatures. Since the char oxidation rate is directly linked to
the oxygen partial pressure, this adjustment increased the reaction temperature and
consequently the particle temperature. To cover a broad spectrum of particle tem-
peratures, the oxygen content ranged from 15 to 40%. Table 18.3 presents a list of
all examined reaction atmospheres, their respective average temperatures, and the
subsequently determined average particle temperatures from two-colour pyrometry
measurements.

0.8 65

0.7
.06 60 < _
> 05 = 5
Fol '\’\’\.\’ 55 € S,
2 04 ? %
a3 50 £ o
uE_l g T

0.2 ¢ NIR MIR Conversion 45 ©

01 = linear (NIR) Linear (MIR)

0 40
12 13 14 15 16 17 18 19 20 21 22 23
Height [cm)]

Fig.18.5 Average total emissivity (left ordinate) in the spectral range from 1.25-2.25 jum and 2.4—
5.5 pm, and the carbon conversion (right ordinate) at each level (left) (reprinted from Graeser and
Schiemann [18], Copyright (2018), with permission from Elsevier) and image of a particle streak
including lines for measurement level height illustration (right)
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Fig. 18.6 Boxplot of the average total emissivity in two spectral ranges from 1.25-2.25 pm and

2.4-5.5 pm of both char samples at a burner height of 7.5 cm [19]

Table 18.3 Composition of the reaction atmospheres and their influence on the particle temperature
for the investigation of the emissivity from Graeser and Schiemann [21]

Atmosphere composition Gas Particle
Nr. (0 CO, H,0 temperature temperature
[vol.%] [vol.%] [vol.%] [K] [K]
1 15.0 66.0 19.0 1767 1956
2 17.0 64.0 19.0 1776 2028
3 19.0 62.0 19.0 1788 2071
4 21.0 60.0 19.0 1796 2109
5 23.0 58.0 19.0 1808 2149
6 25.0 56.0 19.0 1819 2189
7 30.0 51.0 19.0 1844 2378
8 35.0 46.0 19.0 1873 2458
9 40.0 41.0 19.0 1902 2548

The measurements were conducted at a fixed elevation of 15 cm above the burner
surface. At this level, devolatilisation had already completed and pure char burnout
was observed. Emissivity was measured in both the NIR and MIR spectral regions.
The averaged emissivity of both spectral ranges, dependent on the corresponding
average particle temperature of each atmosphere, is illustrated in Fig. 18.7.

In both spectral ranges, the predominant trend is a decrease in emissivity with
increasing particle temperature. In the NIR, emissivity steadily declined from 0.33
at 1972K to 0.23 at 2180 K. For higher temperatures, values remained relatively
constant at around 0.21. In the MIR, emissivity decreased linearly across the entire
temperature range, from 0.54 at 1950 K to 0.26 at 2545 K.
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Fig.18.7 Spectrally averaged emissivity in dependence on the particle temperature for both wave-
length ranges (reprinted from Graeser and Schiemann [21], Copyright (2020), with permission from
Elsevier)

Time-Resolved Single Coal and Biomass Particle Emissivity

Time resolved single fuel particle emissivity analysis were performed by Portner et
al. [14] in the SPR setup. Within this study, Colombian bituminous coal (CBC) and
walnut shell (WNS) particles were investigated. Based on the raw sample size fraction
limits, the coal particles were assumed to have an average diameter of 180 pm and
the walnut shell particles an average diameter of 325 wm. Ultimate and proximate
analysis of the two fuels is reported in Table 1.1.

Portner et al. [14] investigated five different coal and six walnut shell particles.
The results of each particle were restricted to a reliable region, excluding low signal
intensities and the devolatilisation process. The resulting pairs of particle tempera-
ture and respective emissivity were sorted into temperature groups of 100 K width.
The resulting temperature dependent distribution of the fuel particle emissivities is
presented in Fig. 18.8.

For both fuels, the dominant trend is a decrease in emissivity with increasing parti-
cle temperature, in agreement with results from the study by Graeser and Schiemann
[21] using the same coal. The overall emissivity of walnut shells decreases from 0.17
at 2100K to 0.04 at 2900 K. In comparison, the emissivity of coal is consistently
higher, decreasing from 0.4 at 2300K to 0.01 at 3400 K. This difference between
coal and walnut shell particles can be assigned to the significantly higher volatile
content of the walnut shells compared to the coal, as therefore, the char burnout of
the walnut shells is inhibited. Consequently, the char burnout of the coal particles
starts earlier, which leads to slightly higher burnout temperatures.

18.3 Normal Spectral Radiative Emittance of Ash Layers Under
Oxy-Fuel Conditions

Ashes from solid fuel combustion form deposits on heat exchanger surfaces in boil-
ers. These deposits influence the heat transfer from the flame to the heating surfaces.
This is particularly critical in the furnace section, where radiation dominates and the
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Fig.18.8 Temperature-dependent emissivity of a) Colombian bituminous coal (CBC) and b) walnut
shell (WNS) particles [14]

emittance properties of the ash layer play a key role. Consequently, spectral depen-
dence of radiative emittance is important for boiler layout. Coal ashes are strongly
non-grey, which has to be considered in spectrally resolved CFD simulations, or if
non-spectrally resolved radiation balances are carried out, appropriate averaging of
the spectral emittance has to be accounted for (e.g. a weighted averaging procedure
with Planck’s law as weighting function [22]). Please note, even if this section con-
centrates on coal ashes, it is expected that the general results can be transferred to
other fuels as biomass.

Already in 1969, Boow and Goard [2] concluded that the emittance is influenced
by the structure of the surface (mean particle size, roughness of the layer) and by
the mineral composition of the ashes. In the studies by Shimogori et al. [23] and
Saljnikov et al. [24], it is shown that spatially averaged total emittance is decreasing
with increasing ash temperature. Correlations of emittance as a function of particle
diameter are reported for synthetic ash layers by Boow and Goard [2] and Greffrath
et al. [20] with decreasing emittance for smaller particle diameter. This dependency
was confirmed, e.g. by Wall et al. [25], based on Mie theory and for real coal ashes
by measurements of Markham et al. [26]. Surface sintering at elevated temperature
increases emittance as well as surface fusion as reported by Boow and Goard [2].
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Greffrath et al. [5] showed that fusion—depending on the ash composition—can
either increase emittance (formation of glass-like layers) or can decrease emittance
(formation of a mirror-like surface). The Fe,O3 acts as a so-called colouring agent
that increases emittance of ash layers. Shimogori et al. [2] and Shimogori et al.
[27] presented a correlation of the spectral emittance of coal ashes as a function
of Fe;O3 content. Boow and Goard [28] verified the influence of Fe,O3 and the
measured complex refractive index of slags as a function of composition. All these
studies mentioned-above are not related to the specifics of oxy-fuel combustion. Oxy-
fuel firing systems—compared to air fired systems—have significantly higher CO;
concentrations in the combustion zone but also show an increased concentration of
minor species like SO; due to intensive flue gas recirculation. Consequently, oxy-fuel
ashes might contain more carbonates and sulphates than ashes from air-fired systems.
However, the statements in literature whether carbonates or sulphates dominate in
oxy-fuel ashes are contradictory.

Against this background, the spectral characteristics of the emittance for typical
carbonates and sulphates found in coal ashes were investigated. Due to space limita-
tions, this chapter will focus on CaCO3 and CaSOy, as calcium is commonly present
in significant quantities in coal ash and can form both carbonates and sulphates. For
comparison, K»SOy is also included in the analysis. Note that further detailed stud-
ies on the emittance of Ca-, Mg-, and Sr-carbonates as pure substances and mixed
with SiO; have been conducted [22,29]. The minerals CaCO3, CaSOy4, and K;SO4
were prepared in powder form and sieved into two particle size fractions. Results are
presented for CaCO3 and CaSOg4 with a particle size fraction of x = 125-160 pwm,
and for K>SOy, results are also shown for the finer fraction of x < 32 pum.

18.3.1 Experimental Setup

The measurements of thermal radiation were carried out in a facility, where samples
are heated to temperatures ranging from 500 to 1000 °C. The test rig consists of a
Fourier-transform infrared (FTIR) spectrometer and an electrical heating unit. The
heating unit contains both, a sample holder and a blackbody as reference radiator.
The radiation emitted by the heated sample (22 mm diameter, 2 mm thickness) and
the blackbody is directed to the FTIR spectrometer using a gold-coated off-axis
parabolic mirror. Thermal radiation is detected in the range from 1.6-12 pwm. The
sample surface temperature is determined by two thermocouples (type K, 0.25 mm
diameter) installed 1 and 2 mm below the sample surface (in the central axis of the
disc-shaped sample). A schematic illustration of the setup is presented in Fig. 18.9.
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18.3.2 Methods

In order to obtain the spectral normal emittance in (18.6), the sample radiation
Ssample (A, T') is compared with the radiation of the blackbody Sgg (A, T'):

Ssample A, T)

cCD == oD

(18.6)

The total average emissivity in a spectral range between A1 and A, results from:

A2
fM Ssample

E(T) =
f;f SBB

(18.7)

The sample surface temperature is calculated by assuming a linear temperature pro-
file across the sample’s thickness. Consequently, the probe surface temperature is
determined via the measured temperatures of the thermocouples located at the bottom
and the centre of the sample.

18.3.3 Results

As examples for carbonates and sulphates, the spectral emittances of CaCO3, CaSOy,
and K,SOy4 are shown in Fig. 18.10.

The general trend of the spectral emittance is similar and typical for minerals,
i.e. also for coal ashes. The spectral emittance is small at low temperatures and
increases with wavelength to values in the order of 0.8—0.9 above 10 pm. The spectral
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Fig. 18.10 Spectral emittance of a) CaCOs3, particle size fraction x = 125-160 wm, b) CaSOy,
particle size fraction x = 125-160 pm, and ¢) K»SO4, particle size fractions x < 32 um and x =
125-160 pwm

emittance of the carbonates and sulphates show characteristic spectral bands due to
the presence of the CO3 and the S—O functional groups. Note that the specific bands
around 3 wm in Fig. 18.10 are to the presence of CO; in the surrounding air.

Figure 18.10a) presents the spectral emittance for CaCO3 for the particle size frac-
tion x = 125-160 pm. Spectral bands of the characteristic CO3 group are shaded in
grey. Thermodynamic calculation carried out with FactSage predict a decomposition
at 775 °C for CaCO3 to CaO. Thus, CaCOs3 is completely decomposed at 976 °C as
confirmed by X-ray diffraction measurements. The phase transition from CaCO3 to
CaO is clearly visible in Fig.18.10a), with a noticeable reduction in emittance during
the transformation and the characteristic spectral peaks of CaCOj3 disappear.

Comparing Figs. 18.10a) and b), it is evident that the spectral emittance of cal-
cium carbonate (Fig. 18.10a)) is higher than that of the corresponding sulphates
(Fig. 18.10b)) up to a wavelength of approximately 4.5 wm. Above 4.5 pm, the spec-
tral emittance of CaCO3 and CaSQy, are similar in the order of 0.9. Also CaSOy4
(Fig. 18.10b)) exhibits characteristic bands but they occur at different wavelength
ranges compared to CaCOj3. Note that CaSO4 remains stable at the typical tempera-
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tures of coals ashes in boilers, indicating that the S—O bands can also been detected
in real coals ashes, which have been exposed to very high temperatures.

Figure 18.10c) shows the characteristic S—O bands as well for K»SO4. Instead,
K7SO4 shows no phase transformation even at elevated temperature similar to
CaS0y. Figure 18.10c¢) clearly shows that larger particle sizes result in higher emit-
tance, a well-documented effect for coal ashes in general [23].

This section about spectral emittance of coal ashes with respect to oxy-fuel con-
ditions cannot cover all aspects. For example, values for total emittance as a function
of temperature for carbonates and sulphates can be found in the study by Gorewoda
and Scherer [22]. Detailed studies on the influences of particle size on emittance
are presented by Gorewoda et al. [30] and Gorewoda [31]. Furthermore, it has been
shown that the characteristic emittance bands of carbonates and sulphates can be
found in real coal ashes [31].

18.4 Scattering Experiment

The complex index of refraction IOR is a mandatory material property to determine
the radiative characteristics of solid fuel particles. In this section, two experimen-
tal setups are presented for the measurement of the IOR. These experiments aim
to measure the scattered intensity in multiple spatial directions and then analyse
the scattering pattern to determine the IOR. A crucial condition is to apply non-
intrusive methods to avoid falsification of the radiation interaction with the particle.
Both setups achieve this goal differently. The first setup utilises an acoustic levitator
(setup A). The second setup achieves this condition using a flat flame burner (setup
B). In the following section, these two setups are described and measurement results
are presented.

18.4.1 Setup A:Acoustic Levtiator

Figure 18.11 displays setup A. As the complex index of refraction is wavelength-
dependent, a broadband source is required. Therefore, a silicon carbide light source
was used as a source for scattering radiation from particles, with radiation in the range
of 0.5-9 pm. The temperature of the silicon carbide light source is kept constant to
ensure constant emission intensity. An ellipsoid reflector and a CaF; lens are used
to focus the emitted radiation on the particle.

The particle is kept contactless in position by the acoustic levitator. The levitator
consists of 2 shells, each with four speaker rings equipped with 4, 8, 16, and 16
sound sources. Each sound source points towards the centre of the levitator. The
emitted sound waves superimpose in the levitator, creating an interference pattern
and resulting in a standing sound wave. The sound pressure creates a force on the
particle, which compensates the gravitational force. Further details and explanations
of the basic principle are explained by Marzo et al. [32].
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Fig. 18.11 Experimental setup A: Radiation is focused on a levitating particle and the scattered
radiation is collected by lenses: schematic illustration of the setup in a) sideview and b) topview,
as well as c) a picture of the setup

The radiation interacts with the levitated particle and is finally scattered in different
spatial directions. This scattered radiation is collected by lens optics, which are
mounted to an angle adjustable arm. The centre of the rotational axis coincides
with the z-axis and thus with the position of the particle. The lens optics consists
of two CaF; lenses, both with a lens diameter Dy, = 25.4 mm and a focal length
fL = 40mm. The first lens collects the scattered radiation and collimates it. The
second lens focuses the collimated radiation onto the end of an indium fluoride glass
fibre.

During the experiments, scattering angles 6§ = 21-114° were investigated. For
6 > 114°, the radiation collecting lenses block the path between particle and source.
For 6 < 21° the fraction of emitted radiation that radiates directly from the source
into the lens optics falsified the measurement.

For the evaluation of scattered radiation, either an FTIR spectrometer from
ARCoptix was used (supporting wavelengths ranging from A = 2000 to 6000 nm) or
a spectrometer for the visible and near infrared range from Oceanview (supporting
wavelengths ranging from A = 200 to 1100 nm).

18.4.2 Setup B:Flat Flame Burner

The distribution of radiation scattered by single particles of a particle streak was
measured by the setup illustrated in Fig. 18.12.

The particle streak in this setup is either provided by a flat flame burner (burn-
ing particles) or a feeding system doping cold particles through the centre of the
setup. To provide radiation of a wide wavelength range, a 1 kW Xe-band lamp is
focused via two parabolic 90° off-axis mirrors onto the streak. While transmitted
lamp radiation is reflected by another mirror into a beam trap, the scattered radiation
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Fig. 18.12 Schematic illustration of the experimental setup B for investigations of the radiation
scattering phase function of a particle streak

distribution is measured by a detection unit. The radiation redirected by the particle
passes an aperture of 25.4 mm, which defines the field of view (FOV). The radiation
is collimated by a 90° off-axis parabolic mirror and focused by a CaF, lens into
the fibre of a spectrometer sensitive to a wavelength range of 200—1000 nm. For the
determination of the radiation distribution, the angle of incidence (AOI) of the lamp
radiation is varied via a rotation stage.

18.4.3 Assessment of the Phase Function

In both experimental setups, a circular optic is used to collect the scattered radiation.
To evaluate the phase function, it is integrated over the circular area of the collection
optics
9 +48
DPpgi =2 / @ sin(9) sin(p*) db, (18.8)

*_ A0
6 2

where 6* is the angular position of the collecting optic. The integration width A6 is
related to the optics diameter Dy, and its focal length fi :

A = arctan (%) (18.9)

L

The factor sin(¢*) considers the integration over a circular element. These angles
and parameters are illustrated in Fig. 18.13.
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Fig.18.13 a) Side- and topview of the scattered radiation, which is collected by a circular element
and b) phase function plotted on a particle and the relation of 6* and sin(¢*) in (18.8)

18.4.4 Resulting Complex Index of Refraction

To determine the complex index of refraction, an inverse problem is solved, which
is transferred into an minimisation problem

min [A®P (IOR)] (18.10)

with the functional A® (IOR),

AD — Z abs 1Og(¢A9, CdlC) - 10g(‘1>A0, Meds))

abs (1og(P 6;,calc)) (as.1h
The indices “Meas” and “Calc” are short for measured and calculated. This function
resembles the relative difference between measured and calculated integrated phase
function. This difference is minimised by changing the complex index of refraction
IOR.

Figure 18.14 exemplary illustrates the fit of the measured index of refraction for
walnut shells (WNS) utilising setup A (Fig. 18.14a)) and the wavelength-dependent
IOR of cold and burning Colombian bituminous coal (CBC) particles from setup B
(Fig. 18.14b)).

Comparing the real and imaginary parts of reacting and non-reacting coal parti-
cles, the received values show an approximately constant behaviour in the visible
spectral range. In contrast to this, the walnut shells showed a clear increase of both
IOR parts with wavelength. Please note, the received IOR parts of the walnut shells
were determined for a spectral range of 2-5.5 wm, differing from the coal results.



18 Experimental Radiation Investigations 519

a) b)
2.5 ‘ : : 2.5

% Real part n (cold)
2t |% Real part n (burning)

- -T Real part n
o -F Imaginary part k
=

IOR m [—]

O Imaginary part &k (cold)

0.5 |O Imaginary part k (burning)

Qe - WP P Vel
0 o ORESBIR R A
2000 3000 4000 5000 400 500 600 700
Wavelength A [nm)] Wavelength A [nm]

Fig. 18.14 Wavelength dependent complex index of refraction (IOR) of a) walnut shell particles
determined by setup A (reprinted and slightly adapted from Koch et al. [33], licensed under CC BY
4.0) and b) reacting and non-reacting coal particles determined by setup B (reprinted from Koch et
al. [34], Copyright (2021), with permission from . and minor editing)

18.5 Conclusion

This chapter has presented several different approaches to the experimental investi-
gation of the radiative effects that contribute to the radiative heat transfer mechanisms
within combustion facilities. The emissivity of single fuel particles, the emissivity of
typical ash materials, and the interaction of single particles with incident radiation
were addressed, providing a novel base of experimental data for combustion system
simulations.

The received results of fuel particle emissivities extended the previously available
data, which mainly consisted of results from non-reacting fuel samples by reacting
single particle data. Within this, a decrease of the emissivity with increasing particle
conversion and the effect of the mineral content of the fuel on the emissivity has
been investigated by experiments with doped fuels. A doping with Fe,O3 showed an
increased emissivity compared to SiO,. Single particle emissivity was shown to be
temperature dependent, with emissivity decreasing as particle temperature increased.

Addressing the emissivity of ashes, typical ash components as well as their mix-
tures were investigated spectroscopically. For carbonates and sulphates, the spectral
emittance trend is similar and typical for minerals. The emittance is small for low
temperatures and increases with wavelength. Characteristic emission bands were
identified, caused by CO3 and the S—O functional groups.

At last, the interaction of radiation with single fuel particles was investigated by
determining a representative complex index of refraction. Walnut shell and coal par-
ticles have been studied by measuring the scattering phase function, which provides
the refractive index by applying an inverse Mie theory approach. While the real and
imaginary part of reacting and non-reacting coal are approximately constant, the
walnut shell showed a clear increase of both IOR parts with wavelength.
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