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Abstract

In situ FT-IR absorpticn spectroscopy was used with a laboratory-scale reactor and thermogravimetric analysis
to describe the release of nitrogen-containing compounds from a fixed bed of fibreboard residues. Such in situ
detection of NH3 requires knowledge of the absorption coefficients at high temperatures. These coefficients were
obtained from calibrations using a laboratory-scale reactor at temperatures up to 806 °C, as well as from calcuia-
tions using a database. On the basis of laboratory experiments, the rates of release of N species, of the major C
species {CO, COg, and CHy), and of Ho O have been derived. It is concluded that the release of nitrogen from the
fuel can be modelled if such parameters as the superficial velocity and the fiow rate of oxygen are known. This
method allows profiles of the nitrogenous species to be generated and used as input data for CFD calculations

based on thermodynamic combustion models for a fixed bed on a grate.
© 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In addition to emissions of particles, NOy con-
stitutes a major research topic in biomass combus-
tion. Reliable boundary conditions concerning the in-
let concentrations of NOy precursors (HCN, NH3)
and NO, species (NO, NO3, NpO) are necessary for
optimising NOy reduction when burning biomass on
grate furnaces. It is of special importance in the case
of grate furnaces to obtain a time-resolved function,
which describes the release of the species along a
grate. This work evaluates a methodological approach
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combining experimental test runs and theoretical ki-
netic models of combustion in a fixed bed combus-
tion. It is common to describe combustion on a grate
by a model of a downwards propagating reaction front
in a fixed bed. Various approaches have been applied
for coal and biomass fuels, such as wood chips and
straw [1-4], So far all these investigations and the
models deseribing a fuel’s conversion have focused
on the release of C, but not on N species, because the
related NO, chemistry wouid result in an immense
computational effort.

By means of test runs, the release of NO; and their
precursors (HCN, NH3) from a fixed bed was inves-
tigated in relation to combustion-specific parameters
by FI-IR in situ absorption measurements and ex-
tractive measurements using a heated suction probe.
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These N species form the major potential for form-
ing fuel-NO, and are therefore referred to as TFN
(total fixed nitrogen). Under specific combustion con-
ditions and in the presence of NO, both HCN and
NHj can be reduced to N», instead of being oxidised
to NO, . Optimisation measures to achieve these com-
bustion conditions are called primary measures for
NOy reduction [5]. The motivation of this work was
to investigate possible links between such theoreti-
cal combustion models with empirical models for the
release of nitrogen, based on experiments. These rep-
resentative profiles for the release of nitrogen along a
grate can be used for kinetic studies and CFD simula-
tions. An improvement of the theoretical investigation
of primary measures for reducing NOy from fixed bed
combustors of biomass will thus be achieved in the fu-
ture,

2. Principles of in situ FT-IR spectroscopy

Fourier transform infrared (F1-IR) in situ absorp-
tion spectroscopy is a useful technique for investi-
gating flue gas components in various combustion
systems. The advantage of this technique over con-
ventional extractive method is that the hot gases do
not need to be cooled and filtered before perform-
ing measurements. Because of this, possible changes
of the gas composition due to the temperature de-
pendence of chemical equilibria can be avoided. The
application of an FT-IR spectrometer to in situ gas
quantification requires knowledge of the absorption
coefficients of the relevant gases at high tempera-
tures. These coefficients may be obtained either ex-
perimentally or theoretically using molecular data.
Previously [6,7] the absorption coefficients of CO,
CO4, CHy, and HyO have been determined for mea-
surements in a grate furnace fuelle¢ with biomass
{nominal boiler load 440 kW), This paper applies
FT-IR spectroscopy to a laboratory-scale reactor fo-
cusing on the release of nitrogen compounds from
the bed of fuel. The major detectable species con-
taining nitrogen was expected to be NH;. Because
NHa had not been detected with the experimental
set-up used formerly {6], a speciatly modified exper-
imental arrangement was used and tested for the cal-
ibrations and measurements of [NHz]. Furthermore,
the present paper compares experimental spectra of
NHs with those from the HITRAN (high transmis-
sion) molecular absorption database {8]. In addition,
the results obtained below are verified by means of
elemental balances. The methodology of the signal
processing and calculation of the concentrations have
been published previously [7].

3. Experimental
3.1, Experimental set-up and methodology

The laboratory-scale combustor was a discontin-
uously operated pot furnace. It consisted of a cylin-
drical retort (height 0.35 m, i.d. .12 m), heated elec-
trically by two separated PID controlled-heating cir-
cuits. The fuel was put into a cylindrical holder {0.100
m height and 0,095 m i.d.}. Both parts were made of
fibre-reinforced SiC ceramics to avoid CO, NQO, and
ash reacting with the wall. The sample holder was
mounted on & plate, which was put on a balance to
investigate the mass toss during fuel oxidation (Sarto-
rins GP 4001, 0.1 g) and placed into the upper posi-
tion as shown in Fig. 1a with the dotted lines. Airor a
mixture of Oy - N was introduced through a porous
plate at the bottom of the fuel bed. A liquid sealing
filled with thermal oil (Therminol 66} was used to
separate the balance and the reactor mechanically and
to keep the surrounding air from entering the reaction
zone as a bypass stream above the fuel bed. Species
concentrations in the flue gas directly above the fuel
bed were measured with in situ FI-IR absorption
spectroscopy. For the measuremeni of [NHa], ZnSe
windows were mounted on a stainless steel flange, io-
cated on the retort outside the heated part (Fig. 2).
In this case the path length was influenced by the ni-
trogen purging the flanges; this prevented hot gases
from entering the flanges and kept the windows cool
{see calibration section). Additionally, a mounting for
a sapphire window could be put into the optical path
directly in the hot region. Sapphire windows have the
advantage of withstanding high temperatures (unlike
ZnSe), so that the path length in the absorbing gas was
determined onty by the distance between the windows
(0.12 m), because no purging was necessary, The dis-
advantage of sapphire windows is that the detection of
NHj is not possible because of their optical properties
(opague at a spectral region < 1900 cm™!). A Midac
M2401-C spectrometer with a maximum resolution of
0.5 cm™! equipped with a nitrogen-cooled MCT de-
tector was used for all the experiments. The veloeity
of the moving mirror of the spectrometer was set to
5.1 em/s. Triangular apodisation, the Mertz method
for nhase correction, and 4 x zero-filling were used
to obtain a spectrum. For each spectrum investigated
20 scans were averaged, The data collection time was
~ 16.7 s per spectrum. A detailed description of the
FT-IR in situ absorption spectroscopy applied is avail-
able [61.

In addition, the concentrations of NO, HCN, and
NH3 were determined by extracting a gasecus sam-
ple using a heated suction probe. Chemiluminescence
detection (CLD) was applied for NO and NOy using
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Fig. 1. Schematic experimental set-up {a) and arrangement of the thermocouples in the fuel bed (b).
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Fig. 2. Schematic arrangement of the windows for FT-IR spectroscopy.

an ECO Physics 740 ht, Wet chemical analysis was
used for HCN and NHy with a colourimetric method
(HCN, Method 4500-CN-E. Colorimetric Method 4-
39, and NHa, Method 4500-NH;-F Phenate Method
4-108 from [9]). The flue gas was diluted 1/10 with
Ny (DEKATI DILUTER) before it entered the ECO
Physics equipment to avoid hazardous concentrations
of CO, which might destroy the apparatus. [NH3] and
[HCN] were measured directly without dilution of the
flue gas.

Thermocouples {Tgeg| t0 Tpegs) were placed in
the sample holder of the fuel bed to follow the prop-
agation of the reaction front by measuring the time-
dependent temperature distribution in the bed of fuel.
Five thermocouples were placed in the bed accord-
ing to Fig. 1b. Thermocouple Tgeqo was placed on
the axis of the combustor, directly beneath the bed to
measure the temperature of the combustion air. The
experimental conditions were derived from experi-
ence with grate furnaces [11].
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Fig. 3. Path length as a function of the temperature at differ-
ent purging rates (1.67 x 1075 and 5.0 x 1073 m3/s). The
concentrations used were 20 vol% of CO and 5 vol% of CHy
in Ny at a flow rate of 3.0 x 1074 m3/s.

3.2, Calibration of the NH ; measurement by in situ
FT-IR spectroscopy

The performance of measurements using ZnSe
windows and nitrogen-purging requires knowledge
about the influence of purging on the path length
in the absorbing gas. This was investigated exper-
imentally using defined concentrations of CO and
CH, at different temperatures, purging, and gas flow
rates. Absorbance spectra of CO and CHy had al-
ready been recorded in previous experiments in a
high-temperature calibration cell equipped with sap-
phire windows at a defined path length [ [7]. Com-
paring the spectra recorded in the laboratory-scale
reactor Aepr(v) with the spectra recorded in the high-
temperature gas cell Aqa(v) using the same concen-
trations results in an effective path length leg at de-
fined flow conditions according to

] Acal{vg)
Aesr(vg)

The experimental set-up was slightly modified for cal-
ibration. The fuel bed was filled with a layer of ZrO
spheres (diam. 2 mun} to obtain uniform flow condi-
tions. The calibration gases were passed through the
layer using the combustion air port. Flow rates were
varied between 3 x 104 and 9.67 x 10~% m3/s using
a mass flow controller (Tylan Series 2920),

The path length was shown to have a small de-
pendence on temperature (see Fig. 3). A difference of
nearly 15% between the path lengths for CO and CHy
can be observed at 750 °C and a nitrogen purging rate
of 5 x 1077 m>/s. The major influence on the path
length results from the rate of purge gas flow (Fig. 4).
At a high flow rate and a purging rate of 1.67 m? /s
the path length was longer than the diameter of the
retort {0.12 m), indicating that small amounts of the
calibration gases had entered the flange. A trend to

Lot = lcal [cm]. {1
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Fig. 4. Path length as a function of gas flow at different
purging rates. Experiment carried out at a concentration
of 5 vol% CHy in Ny at a temperature of 700 °C. Ni-
trogen purging rates of the flanges were 1.67 x 1072 and
5.0 % 1075 m?/s.

a maximum path length at higher flow rates was ob-
served. A purging rate of 5 x 1072 m?/s was thus
chosen for all combustion experiments. The error in
the effective path lengths was estimated to be £10%.
Experiments investigating the influence of H1O and
CO+ on the path length were not performed. It was
assumed that the relations observed for CO and CHy
regarding the effective path length are also valid for
other species. The path length was regarded as be-
ing independent of temperature and other species in
all the experiments performed. A verification of these
assumptions has been made during the combustion
experiments by comparison with test runs using sap-
phire windows as a reference (see Figs, 7-12).
Calibration spectra for NHy were recorded for
temperatures between 300 and 800 °C. The experi-
ments were performed with a gas flow of NH3 of 3 x
1074 m?/s and a purging rate of 1.67 x 1072 m3/s,
which corresponds to a path length of 0.109 cm for
the flow rate of the calibration gas (Fig, 4). A gas di-
vider (MGV-25 LN Industries SA) was used to obtain
[NH3] between 2880 and 11,520 vppm. Spectra of
NHj3 were calculated for the same concentrations and
temperatures using a resolution of 0.6cm~! £ 10%
for all calenlations [7]. Fig. 5 compares the measured
and calculated spectra of NHj; in fact, they show a
good qualitative correspondence. Deviations between
the measured and calculated spectra can be found in
the spectral region between 935 and 955 cm™!. Ab-
sorbance values of the relevant spectral sections are
given for two different temperatures (300 and 800 °C)
and for two different concentrations (Table 1), The
spectral regions investigated for each gaseous species
were chosen to ensure that any overlapping with
bands from the other flue gas compounds (CO4 and
H,O) was reduced to a minimum and had only a mi-
nor influence. The errors in absorbance for the cal-
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Fig. 5. Measured and calculated absorbance of NH3 as function of wavenumber. Spectra measured and caiculated at a concen-
tration of 11,520 ppm NHj3, a temperature of 800 °C, and a path length of 10,9 ¢m.

Table |

Measured and calculated absorbance of the relevant spectral sections for NH+ during calibration at different NH3 concentrations
in the calibration gas

Spectrai section Temperature Measured absorbance  Calculated absorbance Measured absorbance  Calculated absorbance

e~ )] 2880 ppm 2880 ppm 11520 ppm 11520 ppm
924.0 300 0.020 £ 0.005 0.023 £ 0.003 0.082 +£0.014 0.086 £ 0.017
957.9 300 0.0206 £0.005 0.021 £0.004 0.082 £ 0.014 0.081 £0.016
966.1 300 0.065 £0.012 0.060+0.012 0.249 £ 0.039 0.227 £ 0.045
1122.2 300 0.0794+ 0,014 0.080 £0.016 0.252 +£0.040 0.235 £ 0.047
1159.0 300 0.060 £ 0.011 0.062 £ 0.012 0.230 £ 0.037 0.220 £ 0.044
924.0 800 0.014 £ 0.004 0.012 :£ 0.002 0.048 £0.009 0.047 £ 6.009
957.9 800 0.019 £ 0.005 0.016 £ 0.003 0.067 :+0.012 0.061 £0.012
966. 1 800 0.020 £ 0.005 0.017 £0.003 0.070 +0.013 0.068 £ 0.014
1122.2 8GO 0031 £0.007 0.035 £ 0.607 0.120 £ 0.020 0.116 £ 0.023
1159.0 800 0031 £0.007 0.036 £ 0.007 0.120 £ 0.020 0.133 £ 0.027

culated spectra were derived from the errors of the
spectral data and the resolution determined and esti-
mated to be £20% at least. Errors in the measured
spectra were estimated from the error of the spec-
trometer adjustment (£5%), from a statistical error of
£(.002 absorption unit, and from the error of the path
length (10%). Considering the errors of the mea-
sured and calculated absorbance, satisfactory quanti-
tative correspondence can be reported for the ranges
of concentration and temperature investigated.

3.3, Calculation of the combustion specific
parameters and the mass balances for plausibility
control

3.3.1. Parameters characteristic of fixed bed
combustion

The time-independent parameters, which were
varied during the test runs, included the superficial
velocity at the inlet (SVigler), determined by the flow
rate of the combustion air (Vip)e), and [O2] in the in-

let gas stream (Y0, _iniet} These two parameters were
kept constant during a test run and may be correlated
with the overall rates of conversion during the whole
test run, or during a specific time interval, e.g., the
phase of combined drying and gasification. These pa-
rameters are useful if the gas concentrations and the
release of certain species remained constant for the
investigated time interval, as was expected for the
propagation time of the reaction front. SViyer was
calculated from the combustion air flow and the cross
sectional area of the fuel bed {A):

SVinlet = Vinlet/A Im/s]. (2}
The molar flow rate of Oy (rp,_jalet) into the reactor

and the fuel bed can be calculated using the molar
volume (Vip):

rO,_inlet = Vinlet (YO, _inlet/ Vm) {mol/s}. (3

The propagation velocity (urp) of the reaction front
depends on the combustion conditions. It was cal-
culated for each test run as the mean value of the

‘
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Fig. 6. Absorbance as a function of wavenumber, Spectrum recorded after a duration of 500 s. The air flow was set 10 6.67 m? /s
the asterisk (+) indicates a region of not clearly identified species. In comparison with spectral tables at ambient temperature as
reference, these spectrat lines may be explained as bands of higher hydrocarbons.

time shift measured at 200, 400, and 600 °C and the
distance between the top and bottom thermocouple
(dTBedG“TBedS) in the fuel bed {(Tgeqes and Tgegs).
This means that ugp is a constant parameter for each
test run and can be compared with the integrated re-
leased amount of N:

URF = dTBcd 6—TBeds [ Lt [m/s]. “4)

To describe of the release of nitrogenous species
along a grate, parameters that show a {ime-dependent
behaviour as a result of the combustion conditions
achieved in the bed must be investigated. Possible pa-
rameters for investigation include the superficial ve-
locity of the combustion gases at the outlet of the bed

(s Voutlel)a

SVoutet = Vgas/A [m/s], {5)

the stoichiometric ratio (air/fuel ratio; SR) in the bed,
and the normalised mass loss m/mpges jnj 28 & func-
tion of the initial mass of the sample (mge; jnir) and
the mass of the sample at a certain time (e

m/ Mifael_init = Miuel_init — Mfuel (f) . )
Mfuel_init
3.3.2. Control of FT-IR in situ measurements
Three-dimensional functions connecting concen-
tration, temperature, and absorbance at selected spec-
tral regions were used to determine the concentrations
of flue gas components [6]. These functions were fit-
ted to the measurements of {CO], [H,O], [COy], and
[{CHy] in a high-temperature calibration cell [7], as
well as to the data gained from the NHsz calibra-
tion. With these functions it was possible to obtain
the species concentrations at a given temperature and

40
-+ ZnSe
-#- Sapphire
- ZnSe
o 30 4
%‘ = ZnSe
b=
o
2 5
£
c
@
(5]
8
O 10 4
0
s

Time [s]

Fig. 7. Concentrations of HyO as a function of time at an air
flow rase of 6.67 m3/s.

absorbance. The temperature was measured by a ther-
mocouple mounted on the axis of the retort at the
height at which the beam passed to the spectrome-
ter (see Fig. ia). A typical spectrum recorded dur-
ing a test run is shown in Fig. 6. Spectral regions of
identified species are marked with their names, while
regions of unknown species are marked with an aster-
isk (%). With reference to spectral tables at ambient
temperature, these spectral lings may be explained as
bands of higher hydrocarbons. For a more detailed in-
terpretation, spectra of the expected components must
be recorded at the relevant temperatures.

Figs. 7-12 show the concentrations of [H;0],
[COJ, [CO3], [CHyl, and [NH3] as functions of time
during test runs with an air flow rate of 6.67 x
104 m?/s. It can be seen that the [HyO] and [CO5]
determined during the test run using sapphire win-
dows were in the range of fluctuations of the test
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runs using ZnSe windows. Concentrations of CO and
CH4 were slightly higher using sapphire windows.
The total error of the purging arrangement was esti-
mated to be +15-20% (based on the assumption of
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Fig. 1. Concentrations of NHj as a function of time at an

air flow rate of 6.67 m3/s.
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Fig. 12. Concentrations of HO as a function of time at an
air flow rate of 6.67 m3/s. Determination of the concen-
tration was based on calibration functions measured (HoO
measured} and calculated (H»O calculated).

a constant fiow rate of gas during the experiments
and the error of the path length (£10%)). Consider-
ing this, the concentrations obtained with and with-
out sapphire windows showed satisfactory agreement.
Hence, the assumptions made and the experimental
set-up used seemed to be meaningful. Leakage of sub-
stantial amounts of hot gases into the flanges could
also be excluded, because cold tayers in the line of
sight would result in a strong decrease of the con-
centration of CO and CHy due to their higher ab-
sorbance at lower temperatures, which could not be
detected [6]. The plausibility of the measured con-
centrations was tested by calculating mass and el-
emental balances for the components H, C, and N,
Because composition of the fibreboard fuel used (Ta-
ble 4) and weight of the fuel were known it was pos-
sible to calculate an integral released amount of each
element based on either the recorded mass loss or
the gas concentrations determined by the FT-IR mea-
surements. By neglecting O9, Ho, and hydrocarbons
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(except CHy), the mole fraction of molecular nitrogen
¥N, was calculated by subtracting the sum of the mole
fractions measured by the FT-IR spectrometer, y; (i =
CO, CO4, H20O, CHy, NH3), from 1:

YNy =1=Y_ ¥ [mol/moll. 7

The total flow rate of nitrogen entering the retort
(Vin) is defined according to the experimental condi-
tions (Table 2). The flow rate of product gas in the
retort at normal conditions can thus be calculated as

Veas = Vin/ ¥, [m/s]. (8)

Each measured y; can be converted to a concentration
[mot/1] using the molar volume under normal condi-
tions V!

¢ = i/ Y [mol/m}, )

In fact, ¢; and Vgue were used to obtain an instanta-
neous release rate of a species r;:

i =¢; - Vgas {mol/s}. (10

The release rate of each chemical element (C, N or H)
18

rc =rco +rco, +rcu, [mol/s], (12)
N = INH, [mol/s]. (i13)

The overall amount released during a test run can
be obtained for each element by summation of the
instantaneous release rates and was normalised with
the overall amount released for each element, calcu-
lated from the mass loss and the original elemental
composition. A zero value means that the element
was not measured with the FT-IR system; a value
of 1 means that the entire initial amount of the el-
ement was measurable after conversion. Values =]
are not physically meaningful. Since the determina-
tion of {H, O] has higher uncertainties than that of the
other components [6,7], two separate balances were
made based on [H»O] obtained from calculated and
measured calibration functions. Both concentrations
are shown in Fig. 12 as a function of time. The val-
ues for {Ho Q] obtained from the calculated functions
are 25% lower than the values based on the mea-
sured functions. This difference has a big influence on
the balances. A higher {H>O] results in an increased
product gas flow (Egs. (7) to (13)} and therefore in
higher release rates.

The results of the elemental balances calculated

rH = 2ry,0 + 3rNH; +4rep, {mot/s], an are shown in Tables 2 and 3. The errors given were

Table 2

Balances of H, C, and N using HpO concentrations obtained by caiculated calibration functions

Window Air flow rate H-balance C-balance N-balance
/) (mol/molfye) (mol/molfye)) (mol/molgye)

ZnSe 3.33x 1074 0.70 +0.21 083+ 0.17 0.40 4 0.08

ZnSe 3.33 % 1074 0.836 £ 0.26 1.07 £0.21 0.374+0.07

Sapphire 3.33 % 1074 0824021 1.12:£0.17 -

ZnSe 6.67 x 1074 0.71 £ 0.2] 0.86+0.17 0.25 4+ 0.03

ZnSe 6.67 x 1074 1.00 = 0.30 1.134£0.23 0.31 £ 0.06

ZaSe 6.67 x 104 0.91 +£0.27 1.18 £ 0.24 0.28 +0.06

Sapphire 6.67 x 1074 0.68 +0.17 0.97 4 0.15 -

Mean value 3.33x 1079 0.79 £ 0.08 1.01 £ 0,16 0.394+0.02

Mean value 6.67 x 1074 0.83+0.i6 1.04 +£G.15 0.28 +0.03

Tabie 3

Balances of H, C, and N vsing HoO concentrations obtained by measured calibration functions

Window Air flow rate H-balance C-balance N-balance
(m3/s) (mol/molgye;) (mol/molgyei) {mol/molye;)

ZnSe 3133 x 1074 1.54 &£ 0.77 116 £0.46 0.60 +0.24

ZnSe 3.33 x 1074 1.89 4 0.95 1.50 4 0.60 0.56 £:0.22

Sapphire 333 x 1074 1.80 % 0.63 1.57 4+ 0.39 -

ZnSe 6.67 x 10~ 1.56 £0.78 1,20 4 0.48 0.38 £0.15

ZnSe 6.67 % 1074 2,20 1.10 1.58 £ 0.63 0.47 40,19

ZnSe 6.67 x 104 2.00 4 1.00 1.65 +0.66 0.42 +£0.17

Sapphire 6.67 x 10~4 1.50 +0.52 1,36 4: 0.34 -

Mean value 3.33 x 104 1.75+0.18 1.41+£0.22 0.58 +£0.03

Mean value 6.67 x 1074 1.82 £0.34 1.45:4£0.21 0.4240.05
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estimated from the errors of the FT-IR measurements
[7]. It can be seen that the H and C balances show
ptausible resutts for [H,O] obtained by calculated
calibration functions. In contrast, [H,O] obtained by
measured functions, produced values > 1 for the over-
all amount of H released, which is not possible, Con-
sidering the errors of the mean values of the H and the
C balances, no significant differences can be observed
between the two test series. Only the N balance shows
a significant difference. The differences between |
{total recovery) and the calculated released amount of
each element (Table 2) can be interpreted as species
that cannot be quantified by FT-IR in situ measure-
ments, such as Ny, NO, and HCN for N species and
hydrocarbons (except CHy) for C species.

4. Experimental results of the laboratory-scale
reactor test runs

Tests were performed using fibreboard residues as
fuel (for composition see Table 4). The flow rates
and Op concentrations in the inlet gas stream were
set for typical operating conditions of a grate furnace
with flue gas recirculation under the grate. These op-
erating conditions were obtained during experiments
performed with a horizontally moving grate furnace
and have been described previously {10,i1]. In total 8
different inlet conditions were investigated, and each
inlet condition was investigated at least in triplicate,
A detailed description of the parameters during the
test runs can be seen in Table 5. Experiments were
started by introducing the sample holder of the fuel

bed into the preheated retort (750 °C). Due to radia-
tion, the sample was ignited at the top. A downward
propagating reaction front could be observed during
drying and devolatilisation. When the reaction front
reaches the bottom of the fuel bed, this phase ends
and heterogeneous char burnout starts. Ignition was
identified by a peak in the gas temperatures (7545 1-3)
and thermocouple Teq 5, located directly beneath the
upper surface of the fuel bed (Fig. 1). The starting
time for char burnout was defined as the time when
thermocouple Tgeqs. located at the bottom of the fuel
bed, showed the highest temperature of all the ther-
mocouples in the pot furnace (see Figs. | and 14).
The loss of mass by the fuel sample was deter-
mined by weighing and by the concentrations of the
relevant species CO, CO,, Hp0O, and NHj, which
were measured directly above the bed by FT-IR spec-
troscopy. The two combustion phases showed signif-
icantly different releases of N species. During each
combustion phase, the concentration of each gas re-
mained almost constant (see Figs. 7-12). Thus each
gas species had a constant concentration during de-
volatilisation; this supports the notion of combined
drying and devolatilisation in a reaction front and
a constant rate of release during the propagation of
the reaction front. In general, reproducibility was
satisfactory. The temperature profile in the fuel and
the refease of mass as a function of time particu-
larly showed satisfactory reproducibility (see Figs. 13
and 14). Only the release of NO showed stronger vari-
ations {11}. The results indicate a slight dependence
of ignition time and combustion time on the flow rate
of air into the reactor, showing a minimum between

Table 4

Composition of the fibreboard residues used

Fuel type Moisture (wit% wB) C N Yolatiles (wt% dB) Fixed carbon Ash
Fibreboard waste 10.2 47 314 80.5 18,0 14

Normalised mass loss
(/G )

o] 200 400 &00 800 1,000 1,200 1,400
Time [s)

[+ Testi o Test2 s Test3 o Testd —Average]

Fig. 13. Reproducibility of the normalised mass loss for the test runs at an air fiow rate of 5.0 x 10™% m3 /s into the reactor and
an Oy concentration of 21 vol%. The indicators mark the 95% confidence interval of the mean value of all test runs.
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Table 5

Balances of H, C, and N using H5O concentrations obtained by calculated calibration functions

Number Window Air flow rate O, concentration H-balance C-balance N-balance

(m?/s) (vol%) (mol/molfye)  (mol/molfye)) — (mol/molfye)
1 ZnSe 3.33 % 1074 21 0.76 = 0.2 083 +0.17 0.40 4 0.08
2 ZnSe 333 x 1074 21 0.8640.26 1.07£0.21 0.37 £ 0.07
3 Sapphire 3.33 x 1074 21 0.82+0.21 112 +0.17 -

Mean value 333 x 1074 21 0.79 4 0.08 1.01 4 0.16 0.39+0.02
4 ZnSe 4.17 x 1074 21 103+ 0.26 1.18£0.18 0.60£0.12
5 ZnSe 4.17 x 104 21 0.94 +£0.24 1.06£0.16 0.56 £0.1!
6 Sapphire  4.17 x 1074 21 0.82 + 0.21 1.16 +£0.17 -

7 Sapphire 4.17 x 10~4 21 057+0.24 1.07£0.16 -

Mean value 4.17 x 1079 21 0.94+0.09 1.12 £ 0.06 0.58 £0.03
8 ZnSe 5.00 x 104 21 0.674:0.17 0924+0.14 0.46 £0.09
9 ZnSe 5.00 x 1074 21 0.89£022 1.13£0.17 0.45 = 0.09
10 ZnSe 500 x 1074 21 0.90+0.23 1.15£0.17 0.39+0.08
1 ZnSe 5.00 % 1074 21 0.48+0.12 0.63 +0.09 0.22:£0.04

Mean value 5.00 x 104 21 0.74 £0.20 0.96+0.24 0.38+0.11
12 ZnSe 5.83 x 1074 21 0.86+0.22 1004045 0.36 £0.07
i3 ZnSe 5.83 % 1074 21 0.964:0.24 1.17 4 0.18 0.36 4 0.07
14 Sapphire 5.83 % 1074 21 0.69+£0.17 1.04£0.16 =+

Mean value 5.83 x 1074 21 0.84£0.14 1.07 - 0.09 0.36 4+ 0.07
15 ZnSe 6.67 x 1074 21 0.7140.21 0.86::0.17 0.25 £ 0.05
16 ZnSe 6.67 x 1074 21 1.00£0.30 1.13+£0.23 031 £0.06
17 ZnSe 6.67 x 1074 21 0.91 £0.27 118 £0.24 0.28 £ 0.06
8 Sapphire  6.67 x 1074 21 0683 0.17 097 £0.15 ~

Mean value 6.67 %1074 21 0.83+£0.16 1.04 £0.15 0.28 £0.03
19 ZnSe 500 x 1074 16 1.14+£0.34 0.85+£0.26 (.29 +0.09

20 ZnSe 500 x 1074 16 1.00+ 0,30 074 £0.22 (.24 £0.07

21 ZnSe 5.00 % 104 Hé 1.10:+0.33 0824025 0.33£0.10

Mean value 500 x 1074 16 1.08+£0.32 0.80+0.24 0.29 £ 0.09

22 ZnSe 5.00 x 107% 13 1.08£0.32 0.70 £ 0.21 0.32:40.10

23 ZnSe 5.00 x 1074 13 0.874:0.26 0.63+0.19 0.20 : 0.06

24 Sapphire 5.00 x 104 13 0.97+0.29 0.64 £0.19 -

25 ZnSe 5.00 % 1074 13 1.14+0.34 0.8340.25 0.27£0.08

Mean value 5.00 x 1074 13 1.024+0.30 0.70 £0.21 0.26 + 0.08

Note, H based on caiculated calibration spectra, C, N based on measured calibration spectra; sapphire windows do not aliow
detection of NHj because the transparency of IR in the necessary wavelength is not given at higher temperatures; deviations +
show the estimated error of the FT-IR in situ absorption method [6,7].

4.67 x 10™% m3/s and 5.83 x 10™% m?/s. A reduc-
tion in [O7] concentration from 21 to'13 vol% in the
combustion air led to longer ignition times and Jonger
combustion times, as well as lower peak temperatures
in the reaction front and lower overall release rates of
total fixed nitrogen {11].

NH3 is the major nifrogen-containing species
released from the fuel; it is mainly released dur-
ing devolatjlisation and during the transition to char
burnout. During char burnout, N is mainly released
as NO, but at a significantly lower level than NHj3
during devolatilisation. The release of HCN from the
fuel was always almost negligible. The release of NO
showed two significant peaks during all test runs: the
first was observed shortly before the fuel ignited; the
second was during char burnout. This behaviour of
fibreboard has also been observed by others [5]. The

origin of the first peak, which makes a significant con-
tribution to the NO released from the fuel, is probably
the release of highly volatile N-containing additives
to the fuel such as glue, binders, or coatings. Another
possibility might be that the NO is caused by flaming
conditions at the top of the bed of fuel, shortly be-
fore ignition. However, these flaming conditions were
not detected by a sudden increase in any measured
temperatures. The release of NO showed no signifi-
cant dependence on flow rate or {O7] at the inlet. This
may also be caused by the low amount of char (15
wt% of the sample of 185 g) available for investiga-
tion. For better reproducibility of the release of NO
and to deduce any trends in the release of NO, similar
experiments are recommended using char only. Sim-
ulations of NO, kinetics under the inlet conditions
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used in this study have been published previously
[11] using sensitivity analysis of the influence of vary-
ing inlet NO concentrations within the detected range
of uncertainty. These results showed that the rate of
the release of NO from the fuel had negligible influ-
ence on NOy emissions over the range investigated
i11,121.
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For this reason the results presented will focus
on the release of NH3 during the drying and de-
volatilisation phases. Two types of parameter were
investigated. Parameters remaining constant during a
test run {SVipler. ¥RE) were correlated with the over-
all rates of conversion of N in the fuel to NH3, the
only important nitrogenous species. Furthermore, pa-

Develatilisation Char burnout

1,200

1,000 4

800 +

600 -

400

Temperature [°C]

200 A

boo

1200
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(b)

Fig. 14. Species concentrations and bed temperatures for a typical test rur: with fibreboard as fuel. (a) Release of NH; and NO;
(b} temperature profile in the bed for a mean air flow of 5.0 x 104 m?/s and an oxygen concentration of 21 voi%.
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Fig. i5. Influence of molar flow rate of O; and propagation velocity of the reaction front on NH3 conversion rates for the fuel
fibreboard. Presented values are means of all test runs for each parameter; (4) flow rate 3.3 x 1074 0 6.67 x 10~% m? /s, Oa
concentration 21 vol%; (O) flow rate 5.0 x 10~% m3 /s, O concentration 13-21 vol%,; (b) (x) ... single test runs.
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rameters varying during a test run (e.g., SV e and
m/Meue;_init) were compared to instantaneous release
rates of specific species (NHa, NO, CO, CO4, CHa).
This was done with the objective of finding para-
meters that allow inlet conditions to be described
for CFD calculations of gas-phase combustion. Using
these parameters, it should be possible to compute the
release profiles of N species without any need to ap-
ply detailed N kinetics to the modelling of a fuel bed
combusting on a grate. The advantage of this method
should be that computationally intensive particle in-
teractions in the fuel bed can be neglected for a de-
scription of N chemistry in the fuel bed and replaced
by an experimentally developed empiricat function. It
should be sufficient to model the combustion specific
parameter.

Investigation of the influence of SVi,e: and [O3]
on overall rate of release of NHy shows that there
is a maximum release at SV, between 0.006 and
0.007 m/s (see Fig. 15). This value refers to a flow
rate of the inlet gas between 4.17 x 1074 and 5.0 x
1074 m3 /s. At higher flow rates the release rate de-
creases again. The reduction of [O4] from 21 to 13
vol% in the inlet gas stream at a constant flow rate de-

0.60

creases the rate of release of NHa and therefore also
of total fixed nitrogen from the fuel (Fig. 15, Tabie 5).
These effects may also be explained by the fact that
the governing regime may change from reaction con-
trol to diffusion control at lower gas flow rates.

Reducing [O,] at a constant flow rate changes the
stoichiometry in the fuel bed; hence SViyle is no
longer a representative parameter. Combustion is de-
layed because {O;] and the temperature in the vicinity
of the particle are decreasing, Taking the O flow en-
tering the fuel bed as a measure of the stoichiometry,
no uniform trend in the rate of release of NH3 could
be detected (see Fig. 15a). It can be stated that the
Oy theoretically availabie is not the major parame-
ter influencing the release of NH3 from a fixed bed
of fuel and therefore in itself is insufficient for a de-
scription of NHj release. Transport effects (cooling
the particle, convective heat fluxes, temperature in the
fuel bed, reaction front) must also be taken into con-
sideration due to diffusion control.

The temperatures in the bed were found to depend
on time. The peak temperatures of the thermocouples
in the bed are characteristic of (and so are suitable
for comparing) the conditions a particular experiment.
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Fig. 17. Plots of (a) concentrations and (b) conversion rates of NH3 against the instantanecus superficial velocity at the outlet of

the bed.

These maximum temperatures can be interpreted as
the temperatures in the reaction front. It can be as-
sumed that the reaction front temperature remains
constant while the front propagates downward, It is
thus constant for a specific experiment and can be
compared with the overall conversion rate of nitro-
gen. Although the propagation velocity of the reaction
front rises with temperatures (see Fig. 16), the temper-
ature in the reaction front alone does not characterise
the release of NHj3,.

As already shown, both the flow rate of O into the
reactor and the temperature in the reaction front are
not sufficient to describe the overall conversion rates
for N during an experiment. A global parameter that
implicitly describes the combustion process is neces-
sary. Using the velocity of the reaction front, ugg, as
a parameter seems te be a good method of describing
the release of N during the devolatilisation (Fig. 15b)
and the transition stage to char burnout. Puring char
burnout NH3 is no longer released, but no significant
dependence could be detected for NO.

For the simulation of N kinetics using CFD (com-
putational fluid dynamics), the time-resolved release
of nitrogen was also investigated. The time-dependent
parameters SVouget. (Eg. (5)) and normalised mass
loss (Eq. (6)) were investigated by test runs. Models
for the description of these parameters are under de-
velopment. Several models describing these parame-
ters, as well as the propagation velocity of the reaction
front have been published {1-4). The stoichiometric
ratio SR was also considered as a possible parameter,
but investigations showed that it is less useful, so it
will not be discussed further. A more detailed discus-
sion can be found elsewhere [11].

The influence of SVgye is shown in Fig. 17a
It can be seen that a maximum [NH3] occurs at a
SV outler of 0.15 m/s. As concentrations can only de-
scribe gas conditions, the total amount released was
taken into consideration for the evaluation of the total
release of N. The maximum rate of production of NH3
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Fig. 18. Instantaneous release rates of the major species re-
leased from the fuel bed in relation to combustion specific
parameters. All test runs with a constant O concentration
of 21 vol% were investigated.

(taking also the flow rate from the fuel bed into con-
sideration) remains constant at SV gyqe = 0.15 m/s as
shown in Fig. 17b. Thus SV yt1e provides good infor-
mation about the combustion. Although the parameter
provides no information about the stoichiometry, this
parameter turned out to be adequate for describing the
release, not only of NHs, but also of CO, CO,, and
CHy (see Fig. 18).

Another possibility for describing the time-reso-
lved influence on the release of N from the fuel is
the normalised mass loss, which is easier to determine
experimentally and theoretically on a grate. Also the
mass loss can easily be determined on a grate by in-
vestigating the ash and moisture contents of samples
taken from various positions of the grate. The profiles
of the release of N can also be determined using em-
pirically fitted functions and adapted to experimental
results. In this case a simple description of the mass
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Fig. 19. NHj release rates as a function of the mass degradatior for various combustion conditions indicated by reaction froat
propagation velocities urg in the fuel bed. The release rate refers to an initial fuel amount of 187 g, a nitrogen content of 3.5%
d.b., and & moisture of 10% w.b.; if not mentioned, the O; concentration in the gas flow is 21 vol%,; the occurring reaction front

propagation velocities are according to Table 6,

Table 6

Mean concentrations of the major species in the gas phase during the drying and gasification phase within the test runs
Parameter Unit Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7
04 concentration vol% 21.0 21.0 21.0 21.0 21.0 16.0 13.0
Gas flow m? /s 0.0003 0.0004 0.0005 0.0006 0.0007 0.0005 0.0645
SVintet m/s 0.050 0.06 0.07 0.08 (.09 0.07 0.07
URF mm/s 0.160 0.20 G.17 0.26 0.27 0.15 0.14
HoO_FTIR {mol/mol] 0.23 0.25 0.18 0.20 0.20 0.14 0.11
CO,_FTIR {mol/mol]  0.17 0.18 0.18 0.18 0.17 0.13 0.11
CO_FTIR [mol/mel]  0.09 0.1% 0.09 0.10 0.10 0.07 0.06
CHy_FTIR [mol/mol}  0.011 0.0i2 0.10 6.010 0.011 0.008 0.007
NH,_FTIR [mol/mol}  0.003 0.007 0.007 0.006 0.005 0.006 0.006
NO_OLD [mol/mol}  0.0001 0.0003 0.0002 0.0001 0.0001 0.0003 0.0004
HCN wet chemical  [mol/mol]  6.000001  0.000001  0.300002  0.000003  0.000001  0.000001  0.000000
N {balance) [mol/moll .49 0.44 0.53 0.50 0.52 0.65 0.70
Totat [mol/moll 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Note. FT-IR measured with in situ absorption speciroscopy; CLD measured by extractive technigues using chemoluminescence

detection (ECO-Physics 740 ht).

loss as a function of the distance from the fuel entry at
the grate and the information of flow conditions ajong
the grate would be necessary. For different bound-
ary conditions {gas flow, Oy concentration, ugg), the
release of NH3 and the release rates of other major
gaseous species can be described by a function of
the normalised mass degradation (see Fig. 19 and Ta-
ble 6), which itself is a function of time (fixed bed
combustion model) or distance (experimentally de-
rived). This approach is of special interest for defining
release profiles of N from a fixed bed of fuel as a basis
for subsequent CFD simulation of gas-phase combus-
tion.

5. Conclusions

A laboratory-scale reactor was used to measure
[NHa] wsing FI-IR in situ absorption spectroscopy
during the release of gaseous compounds from fixed
bed burning fibreboard residues, Spectra of NH3 were
measured at temperatures between 300 and 800 °C,
A comparison with spectra calculated using the spec-
tral database HITRAN showed on the one hand large
deviations in a spectral region between 935 and
955 ecm™ !, but satisfactory agreement in the other
spectral regions on the other hand. The deviations
can be explained by the fact that HITRAN was orig-



A. Weissinger et al. / Combustion and Flame ]37 (2004) 403417 417

inally designed for ambient temperature applications.
At high temperatures, lines may be missing in the HI-
TRAN database or may have been calculated wrongly
[8]. Experimental verification of high-temperature
calculations was thus necessary, so the release of H,
C, and N from the fuel was measured for different
flow rates of air and [O;] contents,

The effects of various parameters on the release of
nitrogenous species during combustion were investi-
gated using a discontinuously operated pot furnace,
and in particular investigating a propagating reaction
front. In fact, of those parameters remaining con-
stant during an experiment, the propagation velocity
of the reaction front turned out to be the parame-
ter most suitable for describing the overall conver-
sion of nitrogen-containing species during devolatili-
sation, NH3 is the major nitrogenous species released,
while significantly lower levels of NO and almost
negligible amounts of HCN were measured. For a de-
scription of N release during char burnout, test runs
with charcoal only are recommended. The parame-
ters investigated (SVigler. SVoutlet, ¥RE) are suitable
for describing the release of nitrogenous compounds
from the fuel, because they implicitly describe the
combustion behaviour,

Of the time-dependent parameters investigated,
SVoutlet and the normalised mass loss provided a
good description of the release of NHa, the major
N-containing species. The normalised mass loss has
the advantage that it can be calculated from theoret-
ical models of combustion in a fixed bed as well as
investigated experimentally. The methodology devel-
oped ailows experimental investigation of the release
profiles of nitrogenous species, as a function of ei-
ther time or distance along a grate. These profiles may
serve as reliable input profiles for CFD simulations of
gas-phase combustion, which is becoming of increas-
ing importance in the design of furnaces and boilers.
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