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Abstract

Computational fluid dynamics (CFD) modeling is an important tool in designing new combustion
systems. By using CFD modeling, entire combustion systems can be modeled and the emissions
and the performance can be predicted. CFD modeling can also be used to develop new and better
combustion systems from an economical and environmental point of view. In CFD modeling of
solid fuel combustion, the combustible fuel is generally treated as single fuel particles. One of the
limitations with the CFD modeling concerns the sub-models describing the combustion of single
fuel particles. Available models in the scientific literature are in many cases not suitable as sub-
models for CFD modeling since they depend on a large number of input parameters and are

computationally heavy.

In this thesis CFD-applicable models are developed for the combustion of single fuel particles.
The single particle models can be used to improve the combustion performance in various
combustion devices or develop completely new technologies. The investigated fields are

oxidation of carbon (C) and nitrogen (N) in char residues from solid fuels.

Modeled char-C oxidation rates are compared to experimental oxidation rates for a large number
of pulverized solid fuel chars under relevant combustion conditions. The experiments have been
performed in an isothermal plug flow reactor operating at 1123-1673 K and 3-15 vol.% O,. In the
single particle model, the char oxidation is based on apparent kinetics and depends on three fuel
specific parameters: apparent pre-exponential factor, apparent activation energy, and apparent
reaction order. The single particle model can be incorporated as a sub-model into a CFD code.
The results show that the modeled char oxidation rates are in good agreement with experimental
char oxidation rates up to around 70% of burnout. Moreover, the results show that the activation
energy and the reaction order can be assumed to be constant for a large number of bituminous
coal chars under conditions limited by the combined effects of chemical kinetics and pore
diffusion. Based on this, a new model based on only one fuel specific parameter is developed
(Paper III). The results also show that reaction orders of bituminous coal chars and anthracite
chars differ under similar conditions (Paper I and Paper II); reaction orders of bituminous coal

chars were found to be one, while reaction orders of anthracite chars were determined to be zero.
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This difference in reaction orders has not previously been observed in the literature and should be
considered in future char oxidation models. One of the most frequently used comprehensive char
oxidation models could not explain the difference in the reaction orders. In the thesis (Paper II), a
modification to the model is suggested in order to explain the difference in reaction orders

between anthracite chars and bituminous coal chars.

Two single particle models are also developed for the NO formation and reduction during the
oxidation of single biomass char particles. In the models the char-N is assumed to be oxidized to
NO and the NO is partly reduced inside the particle. The first model (Paper IV) is based on the
concentration gradients of NO inside and outside the particle and the second model is simplified
to such an extent that it is based on apparent kinetics and can be incorporated as a sub-model into
a CFD code (Paper V). Modeled NO release rates from both models were in good agreement with
experimental measurements from a single particle reactor of quartz glass operating at 1173-1323
K and 3-19 vol.% O,. In the future, the models can be used to reduce NO emissions in new

combustion systems.
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Referat pa svenska

CFD-modellering  (engelska:  Computational Fluid Dynamics, svenska: numerisk
stromningsdynamik) &r ett centralt verktyg vid utveckling av forbrinningsanlidggningar. Genom
att anvinda CFD-modellering kan utsldppen och prestandan for forbréanningskraftverk forutspas.
CFD-modellering kan dven anvéndas till att utveckla nya forbranningsteknologier med hdgre
prestanda och ldgre  utslipp &n 1  befintliga  forbrdnningsanldggningar. Vid
forbranningsmodellering av fast brénsle kan det brinnbara materialet betraktas som ett stort antal
branslepartiklar.  Partikelmodeller som beskriver forbrianningsforloppet for enskilda
brénslepartiklar &r kritiska for CFD-modelleringen. Tillgdngliga modeller i den vetenskapliga
litteraturen kan i manga fall inte tillimpas i CFD-modellering eftersom de beror pa ett stort antal

modellparametrar och kréver langa numeriska berékningstider.

I denna avhandling utvecklas modeller for forbranningen av enskilda brénslepartiklar som kan
anviandas som partikelmodeller i CFD. Modellerna kan bade anvindas vid forbattrandet av
befintliga forbrinningsanldggningar och for utvecklandet av nya forbranningsteknologier.

Forloppen som studeras &r oxidation av kol (C) och kvéve (N) i koksrester fran fasta brénslen.

Reaktionshastigheter for C-oxidation fran enstaka kokspartiklar har modellerats och studerats
experimentellt i1 en isoterm pluggflodesreaktor. Experimenten utfordes vid 1123-1673 K och 3-15
vol.% O,. Partikelmodellen som anvints baserar sig pa observerbar kinetik och &r beroende av tre
brénslespecifika parametrar: frekvensfaktor, aktiveringsenergi och reaktionsordning. Resultaten
visar att sdvil aktiveringsenergin som reaktionsordningen &r oberoende av kokstyp for ett stort
antal bitumindsa kolsorter. Utgdende fran detta utvecklas en ny modell som endast baserar sig pa
en brénslespecifik parameter. Resultaten visar dven att reaktionsordningen skiljer sig for koks
fran bitumindsa kol och antracit. Skillnaden i reaktionsordningar har tidigare inte observerats i
den vetenskapliga litteraturen och &r av stor vikt for att for att forsta reaktionen mellan syre och
koks-C under forbranningsforhéllanden. I avhandlingen visas att en av de mest anvinda
modellerna i den vetenskapliga litteraturen inte formar forklara den observerade skillnaden i
reaktionsordningen. [ avhandlingen utvecklas en ny modell som kan forklara skillnaden i

reaktionsordningen.



I avhandlingen utvecklas dven tva partikelmodeller for utsldppen av kvdveoxid (NO) under
koksforbranningsskedet av fast biomassa. Den forsta modellen &r detaljerad och tar explicit i
beaktande produktion och diffusion av NO i och utanfor partikeln. Den andra modellen &r
forenklad till den grad att den &r tillimplig for CFD-modellering. Forenklingarna i den andra
modellen motiveras utifran resultat frén den forsta modellen. Den utvecklade modellen for NO-
utsldpp ér den forsta i sitt slag som kan anvidndas i CFD-modellering. I avhandlingen jamfors
modellerade NO utslépp fran bdda modellerna med experimentellt bestimda NO utsldpp fran en
reaktor for enstaka biomassapartiklar. Experimenten ar utforda vid 1073-1323 K och 3-19 vol.%
0O,. Bada modellerna forutspar de experimentellt bestimda NO-utslappen med god noggrannhet;
NO utsldppen 6kar som funktion av minskad partikeldiameter och partikelmassa. Modellerna

kan i framtiden anvéndas for att minska kvéveutsldppen i nya forbranningsanlédggningar.
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Context and objectives of thesis

1. Context and objectives of thesis
1.1 Context

Solid fuel combustion continues to be one of the most important sources for the generation of
energy and power. Today solid fuel combustion accounts for around 40% of the global electricity
supply [1]. In combustion units the trends are to achieve higher efficiencies with lower
emissions. Moreover, the trends are to burn a larger variety of fuels and more complicated fuels
in terms of combustion performance and harmful emissions. To achieve these goals various tools
have been used in order to improve the design of combustion systems. One such tool is
computational fluid dynamics (CFD) modeling. In CFD modeling of solid fuel combustion, the
furnace is divided into a large number of cells forming a computational grid. Within the grid
mass, momentum, energy and species balances are solved simultaneously. Fig. 1 illustrates one

example of CFD modeling of solid fuel combustion [2].

RADIATION AND
CONVECTION T e
SUPERHEATERS B

OUTLET
TEMPERATURE |

RESIDENCE ___
TIMES 3

PARTICLE TRAJECTORIES

Ll PENETRATION OF OFA
TEMPERATURE [X)
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HEAT RADITION 484
To WALLS

Fig. 1. CFD modeling of solid fuel combustion.

Taken with permission from reference [2].
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Fig. 2. Combustion stages of a fuel particle.

By using CFD modeling, entire combustion systems can be modeled and the performance and
emissions can be predicted. CFD modeling can also be used to develop new and better
combustion systems from an economical and environmental point of view. In many cases the
CFD modeling relies on sub-models describing the conversion of single fuel particles. Fig. 2
illustrates the conversion stages of a single fuel particle in a combustion environment. The

conversion stages can be divided into drying, devolatilization, and char oxidation.

Models for the conversion stages are available in the scientific literature, but in many cases the
models are not suitable as sub-models for CFD modeling since they are computationally heavy
and require a large number of input parameters. Two fields where there is no consensus regarding
the type of sub-models that should be used are the oxidation of carbon (C) and nitrogen (N) in the
char. Sub-models for char-C and char-N oxidation are vital for CFD modeling of combustion
systems. For example, in the design of a new combustion system, CFD modeling with an
appropriate sub-model for the char-C oxidation provides information on whether the size of the
system is sufficient, whether the carbon content in the residual ash is sufficiently low, and
whether temperatures are acceptable. Correspondingly, a char-N oxidation sub-model provides

important information regarding the harmful NO release.
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1.2 Objectives of thesis

The objectives of this thesis were to get a better insight in the details of char oxidation and to

develop new char oxidation sub-models that can be incorporated into CFD codes for combustion

systems. With such models it is possible to improve the combustion performance in various

combustion devices or to develop completely new technologies.

1.3 List of publications

IL.

I1I.

Iv.

O. Karlstrom, A. Brink, M. Hupa, L. Tognotti. Multivariable optimization of reaction
order and kinetic parameters for high temperature oxidation of 10 bituminous coal
chars. Combustion and Flame 158 (2011) 2056-2063

O. Karlstrom, A. Brink, E. Biagini, M. Hupa, L. Tognotti. Comparing reaction orders
of anthracite chars with bituminous coal chars at high temperature oxidation
conditions. Proceedings of the Combustion Institute 34 (2013) 2427-2434

O. Karlstrom, A. Brink, J. Hercog, M. Hupa, L. Tognotti. One-parameter model for
the oxidation of pulverized bituminous coal chars. Energy and Fuels 26 (2012) 968-
975

O. Karlstrom, A. Brink, M. Hupa. Biomass char nitrogen oxidation - single particle
model. Energy and Fuels 27 (2013) 1410-1418

O. Karlstrdom, A. Brink, M. Hupa. Time dependent production of NO from
combustion of large biomass char particles. Fuel 103 (2012) 524-532

1.4 Contribution of author

[-1I1.

VI-V.

The author developed the models and the optimization routines. The author selected
the data from the IFRF solid fuel data base. The author was responsible for the
evaluation of the results and was the main author of the papers.

The author planned the experiments, performed the experiments, and developed the
models and the optimization routines. The author was responsible for the evaluation

of the results and was the main author of the papers.



Introduction

2. Introduction

A solid fuel particle that is introduced to a hot combustion environment dries and devolatilizes
forming a residual char. The residual char is oxidized and finally an ash residue remains. Fig. 3
shows the combustion of a wood particle at 1000 °C and 19 vol.% O, in a laboratory scale
reactor. The spherical particle is attached on a platinum wire. After the drying the devolatilization
starts and the particle becomes surrounded by a visible flame. As the volatile matter has released
the flame disappears and the char oxidation begins. The residual char consists an organic part and
of an inorganic part. For coals, the char content varies between around 30-95% of the original
fuel on dry and ash free basis. For wood the char content is around 15% on a dry and ash free
basis. The organic part of the char consists of carbon, hydrogen, nitrogen, sulfur, and oxygen. In
this thesis, oxidation of carbon (C) and nitrogen (N) in the char is investigated. In chapter 2.1

oxidation of char-C is introduced and in chapter 2.2 oxidation of char-N is introduced.

-8

Char oxidation

Dewolatilization

[

Solid fuel

Fig. 3. Combustion of a wood particle attached on a platinum wire

in a laboratory scale reactor.

2.1 Char-C oxidation

Numerous studies are available in the literature on char-C oxidation. In Chemistry of Coal
Utilization (1980) [3] Essenhigh lists 38 review studies on the combustion of coal particles.
Several review studies have appeared also on the thermal conversion of biomass [e.g. 4-7]. In the
oxidation of char-C by oxygen, a series of intermediate reaction occurs, and the final primary

products are CO and CO,. The product ratio depends on the temperature since the activation
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energies of the reactions differ [8,9]. Further, the product ratio depends on the concentration of
oxygen [10]. In general, the CO,/CO-product ratio is believed to decrease as a function of
increasing temperature [8,9]. At 1000 K, 70-90% of the char-C is expected to react to CO and at
1600 K, more than 90% of the char-C is expected to react to CO [10]. Fig. 4 shows predicted and
experimental CO,/CO product ratios for coal chars at various temperatures [10]. It can be seen
that the product ratio increases both with decreasing temperature and with increasing oxygen
concentration in the gas phase. With a higher oxygen concentration the coverage of chemisorbed
oxygen atoms increases. This influences the rate limiting mechanisms in such way that the role of

the CO, forming reaction steps increases.
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Fig. 4. Experimental (symbols) and modeled CO,/CO ratios as a function of inverse

temperature. Taken with permission from reference [10].

Char particles are normally porous in such way that the oxygen is allowed to diffuse inside the
particle. If a char particle is very small and the reaction rate is low, the concentration of oxygen is
uniform in the entire particle. In such a case, the reaction rate is limited by chemical kinetics. In

the combustion literature this is generally called Regime I conditions.
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Fig. 5. Regime I, Regime I, and Regime III conditions for char-C oxidation of

a coal particle. Figure by the author.
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Fig. 6. Oxygen concentration profiles inside and outside a char particle

under Regime I, Regime II, and Regime III conditions. Figure by the author.

If a char particle is large and the temperature is high, the oxygen is consumed very close to the
external surface of the char particle. The penetration depth of oxygen and the external surface
concentration of oxygen approaches zero. Under such Regime III conditions, the reaction rate is

limited by external mass transfer of oxygen. In the intermediate region, i.e., Regime II conditions,
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the reaction rate is limited by the combined effects of chemical kinetics and diffusion of oxygen.
Areas for the regimes are illustrated in Fig. 5 for one coal char. This figure is plotted based on a
concept called Thiele-modulus which is briefly discussed in chapter 4.2.2. The limits for these
areas are strongly dependent on the char type. Biomass char particles, for example, are generally
significantly more reactive than coal chars with respect to O, and as a result a lower temperature
is required for a biomass char particle to be oxidized under Regime III conditions than for a coal

char particle.

Fig. 6 shows concentration profiles of oxygen inside and outside a char particle under the three
regimes. Under Regime III conditions, the concentration of oxygen is zero in the entire particle
except for very close to the external surface of the particle. On the other hand, the oxygen
concentration is uniform in the entire particle under Regime 1 conditions due to slow char
oxidation reactions in comparison to the transport of oxygen. Under Regime II conditions, the
oxygen concentration inside the particle is characterized by gradients. The penetration depth of

oxygen varies from a small fraction of the particle radius to the entire particle radius.

Fig. 7 exemplifies the size evolution of a spherical particle under the three regimes. Under
Regime I conditions, the reactions occur in the entire particle. As a result the external diameter is
constant and the density decreases as a function of char conversion. Under Regime III conditions
the char is consumed very close to the external surface. Consequently, the density of the char
core is almost constant during the entire conversion. Dependent on the penetration depth of
oxygen, the diameter development differs under Regime II conditions. If the penetration depth is
small, the density of the char particle is relatively constant as a function of conversion and vice
versa. In real combustion systems, the same particle can be oxidized under several regimes. For
example, the char oxidation may begin under Regime II conditions and as the particle decreases
in size, the oxidation conditions changes to Regime I conditions. In real combustion systems the
analysis of the oxidation regimes is also complicated by the fact that various particles may burn
under different regimes. In pulverized fuel combustion, for example, there is usually a significant
distribution of particle sizes. Small particles of 1 pum may be oxidized under Regime I conditions,

while larger particles of 100 pm may burn under Regime II conditions or Regime III conditions.
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Fig. 7. Development of diameter during oxidation of a char particle under Regime I,

Regime 11, and Regime III conditions. Figure by the author.

Under Regime III conditions, the char oxidation rate can be predicted by Ficks™ law. In such
cases the char oxidation rate can be predicted if the temperature, bulk concentration of oxygen,
the CO/CO; product ratio, and the external size and shape is well defined. To predict char-C
oxidation rates of char particles under Regime I and Regime II conditions, various models based
on intrinsic kinetic or apparent kinetics are generally used [7,11]. In the intrinsic kinetic models,
the char oxidation rate is related to the internal surface area of the particle. The internal surface
area, as well as the fraction of the internal surface area, that participates in the heterogeneous
reactions, changes throughout the char conversion [9,12]. The internal surface area of the initial
char particle depends on various factors such as internal surface area of parent fuel, the volatile
content and the heating rate. For example, if the volatile content is high and the heating rate is
high, the pores open up which may result in a high internal surface area [3]. Further, the
development of the internal surface area depends on the initial internal surface area of the char
and on the pore size distribution. Since all these factors must be considered it is complicated to
predict the development of the internal surface area under Regime I conditions. Under Regime II
conditions it is even more complicated to take into account the evolution of the internal surface
area, since only a fraction of the entire surface area may undergo a development at a given time

[13]. Partly because of this, models based on apparent kinetics are widely used. In models based
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on apparent kinetics the char oxidation rate is related to the mass or to the external surface area of
the particle. Further, the char oxidation is related to the bulk or surface concentration of oxygen
and concentration gradients of oxygen inside the particle are not taken into account explicitly as
for intrinsic models. Taking into account particle size distribution and deactivation of the char,
models based on apparent kinetics can, however, accurately predict char combustion at early,
intermediate, and late combustion stages [14-18]. Moreover, such models rely on a smaller
number of fuel specific parameters than models based on intrinsic kinetics. Therefore, the models

are attractive for CFD modeling.
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Fig. 8. Fractional degree of char conversion with various oxygen concentrations

and reaction orders. Figure by the author.

In order to use models based on intrinsic or apparent kinetics, the reaction order must be defined.
Fig. 8 shows char conversion as a function of time with various oxygen concentrations in the
bulk phase and using reaction orders of zero and one. The figure illustrates the influence of the
reaction order on the char oxidation rate. At a given char particle temperature, the char oxidation
rate is not influenced by an increased oxygen concentration in the gas phase using a reaction
order of zero. Contrary, the char oxidation rate is strongly dependent on the oxygen concentration

using a reaction order of one.

Under Regime I conditions, true reaction orders have been determined to be zero for coal chars
[19], while most of the studies in contrast report a high fractional reaction order at the same
conditions [20,21]. Under Regime II conditions, reaction orders have been reported to be one for
various chars [22,23]. On the other hand, it has frequently been stated that the true reaction order

is near zero at these conditions [21]. At very high temperatures and for large char particles, the
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oxidation rates are controlled by external diffusion, i.e., Regime IIl conditions. At these
conditions the reaction order can be expected to be one. However, at near external diffusion
limited conditions the apparent reaction order has been reported to be 0.1 [18]. This is in contrast
to the frequently used correlation n = (m+1)/2, where m is the true reaction order and » is the
apparent reaction order. It is thus obvious that there is no consensus regarding the reaction order

of coal chars neither at Regime I nor at industrially relevant Regime II conditions.
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Fig. 9. Predicted coverage and reaction order as a function of temperature.

Taken with permission from reference [10].

The char type influences the reaction order, since catalytic effects influence the rate limiting
mechanisms of the char oxidation [24,25]. Moreover, the internal surface area influences the
reaction order: if the internal surface area increases under Regime II conditions, the partial
pressure of oxygen decreases inside the char particle. In such a case, the coverage of chemisorbed
oxygen atoms changes and may result in changed rate limiting mechanisms and reaction orders.
Fig. 9, taken from a study of Geier et al. [10], shows that, for example, at 1500 K the local
coverage can vary from 0.1 to 1 and the corresponding intrinsic reaction order vary in the range
between 1 to 0.1. Few studies, however, report on the impact of the char type on the reaction
order at high temperatures. Smith suggested that the apparent reaction order for pulverized
anthracite chars, bituminous coal chars, and petroleum coal chars is one in the temperature

interval 1200 to 2270 K [23]. Field [22] reported reaction orders of one for 11 chars of various

10



Introduction

coal rank at 1200-2270 K. However, the objectives of these studies were to investigate the
overall reactivity, rather than to determine the correct reaction orders. On the contrary, Hurt and
Calo [21] reported that intrinsic reaction orders generally have been determined to be zero in the
temperature interval 1200 to 1700 K. In the studies the influence of the char type on the reaction
order has not been investigated. To evaluate the extent to which the char type influences the
reaction order two types of investigations must be carried out: (i) reaction orders of similar types
of chars, i.e., rank and size, should be determined under the same conditions; and (ii) this

comparison should be repeated for chars of various coal ranks.

In this thesis (Paper I) reaction orders are determined for the oxidation of 10 bituminous coal
chars. Modeled char oxidation rates are compared to experimental measurements obtained from
an isothermal plug flow reactor operating (IPFR) at 1223 K and 4-12 vol.% O,. The reaction
orders are determined using a parameter optimization approach recently suggested by Murphy
and Shaddix [18]. In their work and also in the work by Ballester and Jimenez [17] it was
suggested that conventional Arrhenius plots cannot be used to determine kinetic parameters for
char oxidation under regime II conditions. Paper I of this thesis was the first study to apply the
parameter determination methods suggested by Murphy and Shaddix [18] for a large number of
coal chars. Further in this thesis (Paper II) reaction order of 5 anthracite chars are determined by
using the same parameter optimization method. The reaction orders of the anthracite chars and of
the bituminous coal chars are discussed in light of semi-global intrinsic char oxidation

mechanisms.

Besides the reaction order, apparent kinetic models are dependent on the apparent pre-
exponential factor and the apparent activation energy. The pre-exponential factor, 4,, includes
effects of pore diffusion and of the internal surface area. The apparent activation energy, E,,
describes the char oxidation rate dependence on the temperature. While the pore diffusion effects
are not explicitly included in the apparent kinetic model, E, differs from the intrinsic activation
energy, E;. Under Regime II conditions, it has been suggested that the value of £, is about half of
the value of £; [11,26]. The relationship 2E, = E; can be shown for simple particle shapes [27]. In
general, E,-values have been determined to be around 50-100 kJ/mol, and E; values are around

100-200 kJ/mol [e.g. 3,4,7,11,17,18,21,22,28-31] under Regime II conditions. Fu et al. [8],
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suggested E; to be independent on the parent coals properties. They showed that calculated
kinetic rates of bituminous coal chars and anthracite chars were relatively similar to
experimentally determined rates by using a constant £;. They emphasized that E; is affected
mainly by chemical factors, such as carbon type, active sites, and catalytic effects that have
similar influences both on bituminous coal char and anthracite chars. For lignite chars, the
mineral matter has an important influence on E;, which therefore differs from E; of bituminous
coal chars and anthracite chars [24,25]. However, physical factors influencing the oxidation rates
are char specific, also for chars derived from parent coals of similar rank. Therefore, although E;
may be the same for a various coal chars it is unclear whether £, can be assumed to be constant,

since E, depends on physical factors and of the particle shape.

In this thesis (Paper III) char oxidation rates of 22 bituminous coal chars are modeled by
separately optimizing E, for each char and with a constant £, for all the chars. Modeled rates

were compared to experimental rates determined from the IPFR at 1123-1673 K and 3-15 vol.%
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Fig. 10. Simplified conversion path of fuel bound nitrogen

during solid fuel combustion.Re-plotted from reference [40].

2.2 Char-N oxidation

The organically bound nitrogen in the fuel is released during the devolatilization and during the
char oxidation. Fig. 10 shows a simplified scheme of the pathways of nitrogen during
devolatilization and char oxidation. In this section the devolatilization is not considered and the

focus is thus on the char oxidation part.
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During the oxidation of a solid char particle, the oxidation of carbon and nitrogen is frequently
assumed to be non-selective [32-35], with a few exceptions [36,37]. By assuming this non-
selectivity, the rate of char-N oxidation can be obtained from the rate of carbon oxidation and the
N/C ratio in the char. Under Regime II conditions, char-C oxidation rates can be obtained by
using intrinsic or apparent kinetic models as described in section 2.1. For larger char particles
being oxidized e.g. under fluidized bed conditions, the char-C oxidation may occur under Regime
IIT conditions although the temperatures are significantly lower than in pulverized fuel

combustion. Under such conditions, the char-C oxidation can be modeled assuming Fick’s law.

Formation of NO

O, Char-N + 120, — NO

€oico,

Char
particle

NO
co/co,

Reduction of NO

oX NO NO + Char-C — CO + I/2N,

NO+CO — CO,+ I/2N,

Fig. 11. Formation and reduction of NO inside a char particle.

Figure by the author.

A number of products have been observed from char-N oxidation: e.g. NO, N,O, HCN, NHj3,
HNCO, and N, [38]. During the combustion of char particles of both coal and biomass, the main
reaction product can, however, be assumed to be NO [32,38-40]. The NO initially formed during
the char-N oxidation is partly reduced inside the char particle. Fig. 11 illustrates the initial
formation and reduction by NO inside a char particle. Although the NO may be initially formed
close to the external surface of the particle, the NO can partly diffuse inside the particle and
undergo reduction reactions. The most important reductions are NO-char reactions and surface
catalyzed NO-CO reactions as the NO diffuses inside the particle. The fraction of the initially
formed NO reduced inside a char particle decreases as functions of char conversion and

decreasing particle size [41-43]. In gas atmospheres containing NO, addition of CO has been
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reported to increase the NO reduction rates both for biomass chars [44] and for coal chars
[45,46]. Contrary, for peat char it has been shown that NO reduction rates decreased by CO
addition in the gas [44]. In general, the relative importance of these reduction reactions is not
well understood under combustion conditions [45]. The reduction reactions are also influenced
by catalytic elements, but there is no general agreement on the quantitative importance of

catalytic elements on reactions between NO and char-C [46].

In experiments carried out to investigate the reduction of NO inside char particles, char particles
are generally introduced to a gas with a known background level of NO [46]. In such
experiments, the reduction rate of NO can be related to the concentration of NO in the gas bulk
phase and to the instantaneous mass of the char or to the internal surface area of the char [46]. In
the char-NO review study by Aarna and Suuberg [46] it is shown that at e.g. 1250 K, reaction rate
constants on surface area basis for the reaction of NO with coal chars vary by more than three
orders of magnitude. At temperatures between 673 and 1250 K and NO pressures between 0.03-
0.65 kPa, activation energies vary between 43 and 196 kJ/mol and reaction orders vary between
0.22 and 1 [46]. For a large number of chars, it is shown that there is no consistent variation of
activation energy with rank, surface area, or partial pressure of NO. Moreover it is suggested that
coal chars are more reactive for NO reduction than highly ordered and/or highly heat treated

carbons.

In order to predict the reduction of NO inside a char particle under combustion conditions the
concentration profile of NO inside the particle must be taken into account. Studies taking into
account the intra-particle concentration profile of NO are available both for fluidized bed
[42,43,48] and for pulverized fuel combustion conditions [49,50] for coal char particles. In these
studies, the differential equations for the NO concentration inside the fuel particles are solved by
numerical methods and because of computational reasons it is not attractive to incorporate the
models as sub-models into CFD codes. Yue et al. [42] managed from the governing equations of
oxygen, CO and NO inside the char particle to derive an analytical solution for the fractional
conversion of char-N to NO. With their model, they successfully predicted the fractional

conversion of char-N to NO from oxidation experiments of single coal char particles in a
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laboratory scale fluidized bed. Since the model is analytical it is possible to incorporate the model

as a sub-model into a CFD code.

For biomass particles few studies report on the reduction of NO inside char particles at
combustion conditions. Zevenhoven and Hupa [44] showed that chars from biomass were less
reactive with respect to NO than chars from lignite and peat, but more reactive than bituminous
coal chars in the temperature range 1023-1223 K. On the other hand, Serensen et al. [51] showed
that chars from raw and washed wheat straw were more reactive with respect to NO than typical
coal chars in the temperature range 873-1173 K. Moreover, they determined the apparent reaction
order for the NO reduction rate with respect to NO of these two straw chars to be around 0.7.
Wang et al. [52] determined the apparent reaction order for NO reduction of straw char to be 0.89
in the temperature range 873-1273 K, while Garijo et al. [53] determined apparent reaction orders
to 0.45 and 0.3 for the NO reduction of char from straw and of char from eucalyptus at 1023—
1173 K. Dong et al. [54] determined apparent reaction orders for the NO reduction in the
temperature range 973-1173 K to be around 0.7 for three biomass chars. The activation energies
for the NO reduction reactions in these studies vary between 30 and 110 kJ/mol. Guerrero et al.
[55] showed that Eucalyptus chars were more active with respect to NO if prepared with a higher
heating rate. On the other hand, Wang et al. [52] showed that a straw char prepared at 1073 K
was more active for NO reduction, than the same char prepared at 1273 K. The char prepared at
1273 K was, however, more reactive than the char prepared at 873 K. As for coal chars, the
initially formed NO can be reduced inside biomass char particles. Few studies are available on
the fractional conversion of char-N to NO during combustion of biomass. Saastamoinen et al.
[56,57] modeled the NO formation and reduction inside an entire bed of biomass char particles
under grate fired conditions. They used a NO reduction model based on the concentration

gradients of NO inside the entire bed of particles.

In this thesis (Paper IV) the fractional conversion of char-N to NO is modeled during the
oxidation of single char particles of spruce bark. A numerical model based on the governing
equations of NO is developed and the analytical model by Yue et al. [42] is tested. Modeled NO
release rates, i.e., initial formation minus reduction, are compared to experimental NO release

rates from a single particle reactor (SPR) of quartz glass operating at 3-19 vol.% O, and at 1073-
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1323 K. Moreover, a simplified model based on apparent kinetics is developed (Paper V) for
predicting the NO release during oxidation of single char particles. Contrary to the numerical NO
release models based on the intra-particle NO concentration profiles the apparent kinetics model
is simplified to such an extent that it can be incorporated as a sub-model into a CFD code. By
using the simplified model, modeled rates of four different biomass chars are compared to

experimental measurements from the SPR.
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Fig. 12. International Flame Research Foundation
(IFRF) isothermal plug flow reactor (IPFR).
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Fig. 13. Raw data for burnout profiles of an anthracite char, a bituminous coal char,

and a biomass char obtained from a isothermal plug flow reactor (IPFR) with 4 vol.%

0, at 1223 K and at 1673 K.
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3. Experiments

The experimental data for the char-C oxidation were obtained from an isothermal plug flow
reactor described in Chapter 3.1 and the experimental data for the char-N oxidation were obtained

from a single particle reactor described in Chapter 3.2.

3.1 Char-C oxidation - Isothermal plug flow reactor

The experimental data on pulverized char-C oxidation were taken from the International Flame
Research Foundation (IFRF) solid fuel data base. Prior to the publications of this thesis (Paper I —
Paper I1I), this data has not been published in the literature.

The char oxidation experiments have been performed in an electrically heated 4 m-length vertical
isothermal plug flow reactor (IPFR). The reactor is illustrated in Fig. 12. The char samples were
prepared in the IPFR at 1473 or 1673 K with around 0.5% oxygen in the surrounding gas. In the
char preparation tests the parent coal and biomass particles were fed from the top of the reactor
by a vertical probe and the samples were collected at the bottom of the reactor system.
Devolatilization times were obtained from the char preparation runs. Based on these times, and
typical devolatilization kinetics, the heating rates were estimated to be in the range of 10* to 10°
K/s. In the char oxidation tests, the chars were fed through different horizontal ports situated
along the height, and the samples were quenched at the bottom of the system. For each char, the
particle burnout fractions at different residence times were obtained using an ash tracer method:

the measured ash contents were related to the initial ash contents of the original chars.

The IPFR differs from many drop tube furnaces in such way that the superficial gas velocity is
relatively high: 3.5-6 m/s. The inner diameter of the combustion chamber is 150 mm, giving a
Reynolds number of around 3000. An advantage with the large diameter is that a higher Reynolds
number can be achieved with a lower superficial gas velocity, which is necessary in order to
obtain sufficient residence times. Further, the fuel feeding rates were set to achieve a maximum
relative decrease in oxygen concentration of 10% over the reactor length. The fuel flow rate was
generally around 0.1 kg/h, and the preheated gas flow varied between 40-80 Nm’/h. The reactor

were operated in such way that the temperature distribution in the radial direction and along the
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centerline was minimized in order to keep the gas in the reactor as isothermal as possible. This
was achieved by a higher Reynolds number compared to conventional drop tube furnaces, the

low fuel rates, and the high gas flow rates.

The chars and the experimental conditions investigated are listed in Table 1. In the table, 22
bituminous coal chars, 5 anthracite chars, and 1 biomass char are presented. In general the
oxidation tests were performed in the temperature range 1123-1673 K and at 1-3 different oxygen
concentrations. For 10 of the 22 bituminous coal chars, oxidation tests were performed using
three oxygen concentrations at 1223 K. Only these chars and conditions are considered for the
reaction order analysis of the bituminous coal chars. The experimental conditions selected for

these 10 chars are marked by using bold font in Table 1.

In the oxidation tests, small quantities of CO; and HO, resulting from the natural gas burner,
were also available in the surrounding gas. Since the particles are so small that the char oxidation
by oxygen is far from limited by external diffusion (discussed in chapter 5), and the kinetics of
the char oxidation reactions by oxygen are significantly higher than by CO, and H,O at the

investigated temperatures, the char consumption by CO, and H,O is not considered in this thesis.

Fig. 13 shows examples of experimental data from the IPFR. The figure shows experimentally
determined char oxidation profiles of one bituminous coal char, one anthracite char, and the
biomass char. The initial mass mean diameter of the three chars are similar: 42 pm, 39 um, and
41 pm. The figure shows char oxidation profiles at 1223 K and at 1673 K with 4 vol.% O,. At
both temperatures the char conversion is fastest for the biomass char and slowest for the
anthracite char. In the figure it can be seen that the maximum residence time is around 1500 ms.
The shortest residence time for which partially burned char particles were collected is around 30

msS.
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Table 1.
Parent fuels, experimental conditions
Fuel FC%®  A%”  d@m®  Exp. Conditions®

1. Columbian coal 59 11 44 "1223/4,8,12 1473/4 1673/4

2. Dawmill fine 61 19 40 1223/5 1473/5 1673/5

3. Douglas prem. (a.f)° 69 12 40 1223/4,8,12 1473/4 1673/4,8,12
4. Douglas prem. (a.f.) 69 12 36 1223/4,8,12 1473/4 1673/4,8,12

5. Economy 70 16 61 1223/4,6,8,12 1373/8 1473/6 1573/41673/3

6. ElCerrejon 61 6 39 1123/51473/5 1673/5

7. Enel coal 2001 59 11 35 1223/4,8,12 1473/4 1673/4

8. Fettnuss 71 4 71 1223/11.9 1473/6 1673/3.4

9. Genesee 63 28 64 1223/12 1373/8 1473/6 1573/5 1673/3
10.  Gottelborn 63 10 39 1123/5 1473/5 1673/5
1. Gottelborn < 150 62 9 67 1223/51473/5 1673/3
12, Kellingley 45 67 19 21 1223/4,8,12 1473/4 1673/4
13, Kellingly coarse 62 8 72 1223/4,8,12 1473/4 1673/4,8,12
14.  Kleinkopje 72 15 41 1123/5 1473/5 1673/5
15.  Kleinkopje 68 14 19 1223/4,6,8,12 1473/4 1673/4
16.  Middelburg fine 68 17 42 1223/51473/5 1673/5
17.  Polish 66 1270 1123/5 1473/5 1673/5
18.  Polish 67 4 38 1223/4,8,12 1473/4 1673/4
19.  Polish 64 9 24 1223/4,68,12 1473/4 1673/4
20.  Polish 5600 63 15 107 1223/4,6,8,12 1373/8 1473/6 1573/4 1673/3
21. South African 63 11 42 1223/4,8,121473/4 1673/4
22, Spitsbergen 60 25 57 1223/121473/6 1673/3

1. Anthracite 92 16 35 1223/4,6,8,12 1473/4 1673/4

2. Charbon Vietnamien 91 30 22 1239/14 1504/9 1683/5

3. Charbon Chinois 87 16 26 1244/14 1504/9 1673 5

4. Niederberg 89 10 26 1223/15 1473/10 1673/5

5. Silo Sample 94 13 39 1223/4,6,8,12 1473/4 1673/4

1. Beach tree 15 04 41 1223/48,12 1473/4 1673/4

*Fixed-carbon content of parent coal (daf)

®Ash-content of parent coal (db)

“Mean-mass diameter of char particles

dExperimental conditions e.g. for Columbian coal char experiments have been performed at the following reactor
temperatures and oxygen concentrations in the gas: 1223 K/4% O,, 1223 K/8% O,, 1223 K/12% O,, 1473 K/4% O, and
1673 K/4% O,.

°As fired

"The experimental conditions selected for the 10 chars investigated for the reaction order analysis of the bituminous coal
chars (Paper I) are marked by using bold font
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Fig. 14. Abo Akademi Single Particle Reactor
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Fig. 15. Single particle reactor and a snap shot of a char particle
during the char oxidation stage
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3.2 Char-N oxidation - Single particle reactor

NO release from single char particles of biomass were investigated in a single particle reactor of
quartz glass at Abo Akademi University. The investigated biomasses — spruce bark, SRC poplar,

straw, and torrefied wood — are listed in Table 2.

Fig. 14 and Fig. 15 show the reactor and a schematic description of the single particle reactor
(SPR). The experimental setup consists of a quartz tube reactor inserted in a ceramic furnace. Gas
mixtures of synthetic air and nitrogen were fed from the bottom of the reactor system. The
temperature of the ceramic walls was electrically heated to the set point temperature and the
temperature of the reactor was measured with a thermocouple inserted in the ceramic wall of the
furnace. The sample was inserted using a movable probe which could be inserted from a cold
environment into the hot reactor within a fraction of seconds. Fig. 15 shows the sample holder
which consisted of a thin net, on which the pellets where placed. The net inevitably influenced
the temperature of the particle, and the diffusion to and from the particle. However, considering
that a small part of the net is in contact with the particle, and the large mesh size, the change in

particle temperature and diffusion due to the net was not believed to play a significant role.

Table 2.
Parent biomasses, densities of parent biomasses and chars, elemental analyses.
FC%' Ash%' C* N P  C° Nuw' pea  K° Na® Ca® Mg
spruce bark 21 45 512 038 1004 758 0.39 248 1830 358 8880 794
SRC (poplar) 16 1.7 493 0.39 742 833 0.59 101 2770 48 4180 421
straw 16 55 464 055 741 70.7  0.61 107 8000 102 3730 711
torrefied wood 27 0.5 573 0.12 800 75.6 0.10 245 540 24 1196 258

Fixed carbon content, ash content, carbon content, and nitrogen content of parent fuel (db)
"Density of parent fuel (kg/m®)

“Carbon and Nitrogen content of char

Density of char particle (kg/m’)

°mg/kg d.b. of parent fuels
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Fig. 16. Measured and deconvolved signal of molar fractions of CO; and NO
in product gases from biomass particle burning at 1173 K and 19 vol.% O,

The outlet gas of the reactor system was analyzed using commercial analyzers for the
measurement of CO, CO,, and NO. Fig. 16 shows an example of raw data from the analyzers.
The initial peak in the figure corresponds to the devolatilization, and the remaining tail
corresponds to the char conversion. In the example, the maximum concentration of CO; is around
10 vol.% during the devolatilization, and around 1 vol.% during the char conversion. The
maximum concentration of CO for the same condition (not shown here) is around 0.1 vol.%
during the devolatilization, and below 0.01 vol.% during the char conversion. Thus, more than

99% of the char-C is oxidized to CO, in the reactor system.

The residence time for the gas from the particle to the gas analyzers was around 4 s. Therefore,
the measured signal differed from the corresponding signal at the particle. The residence time
distribution of the reactor system was taken into account by deconvolving the measured signals.
The measured release curves were deconvolved by the derivatives of the residence time
distribution for the gas analyzers respectively. Fig. 16 shows measured and deconvolved signals
of CO; and NO. The local minimum of the deconvolved NO signal, immediately after the peak,
is taken as the starting point for the char oxidation. Usually the experiments were repeated three
times and the reproducibility was very good: generally the values of the integrals of the
experimental NO and CO, curves varied less than 2% between the repetitions. The experiments

were conducted at 1073, 1173 and 1323 K and with 10 vol.% O,. At 1173K, experiments were
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also performed with 3 and 19 vol.% O,. The NO and C release rates can be calculated from molar

fractions of CO, CO, and NO measured at the analyzers:

. v,

mC,expt = R_JI?MC (xCOZ (t) + xCO(t)) (1)
. v,

MNOexpr = R_]Pi My, (x NO (t )) (2)

Here, m is mass stream from the char particle (kg/s); Vg is volume flow of gas (m%/s); p is

pressure (Pa); M is molar mass (kg/mol), R is the universal gas constant (J/molK); T is

temperature (K); and x is molar fraction.

Fig. 17. Snapshots from devolatilization and char oxidation of
a single biomass particle. Snapshots 1-5 are during drying and
devolatilization, and 6-15 are during char oxidation

The oxidation experiments were recorded with a digital camera. Fig. 17 shows snapshots from a
digital video of a torrefied wood pellet during devolatilization and char oxidation. Both during
the devolatilization and during the char oxidation, the diameter and the height of the cylinders
were measured from the video. The height increased usually by around 100%' and the diameter

increased by around 10-20% during devolatilization. As the char conversion started, the diameter

"In Paper 5 a printing error appeared regarding this number
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and height started to decrease, as a result of char consumption close to the surface of the particle.
The optical access to the reactor revealed that a stable ash layer was created on the surface of the
particle during the char oxidation stage. In the figure, a flame can be seen around the particle.
The disappearance of the flame occurred normally within a few seconds before the starting point

of the char oxidation as described above.
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4. Models and determination of parameters
4.1 Char-C oxidation
4.1.1 Char-C oxidation - apparent kinetics model

The model used to predict the char oxidation rates of the pulverized chars is based on apparent

kinetics [11,14]:

dm
dt

“=S,kpo," (€))

Here, m, is mass of char-C (kg); p,, . is the partial pressure of oxygen at the external surface of

the particle *(Pa); and k is the apparent kinetic rate constant

-E,/RT,

k=4e @)

where A, is the apparent pre-exponential factor (kg/m’sPa"); E, is the apparent activation

energy; and T, » 1s the particle temperature. The char consumption rate is also obtained from the

incoming flow of oxygen:

dm

c

dt

=S8,D(po,.. ~ Po..) (5)

Here, D is the external diffusion rate coefficient (kg/m’sPa) and oo refers to the bulk phase.

Manipulation of Eq. 3 and Eq. 5 to eliminate p, gives the relationship:

n

dm dm. 1
c _ S k _ 4
ar | Pos Ty S D ©)

2 In this thesis both pressure and concentration of oxygen are used following the original publications of this thesis
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If n equals to 0, 0.5, or 1, analytical solutions can be derived for the char-C consumption rate. For
other reaction orders, the char-C consumption rate must be solved iteratively. The external

diffusion rate coefficient D is calculated as:

[T, +1,)2f™

D=G=t— )

P

Here G is a diffusion constant® (kg/msPaK’”’) [14] and 4 is the diameter of the particle. The
g » p

temperature of the char particle, T,, is calculated from the heat balance:

dm,
dt

H+S,6,0T, -1) ®)

cp

dT
m,c d;’ =hSp(Toc —Tp)—fh

where ¢, is the heat capacity of the particle (J/kgK); /4 is the convective heat transfer coefficient
(Nuk./dy); f, is the fraction of the heat that the particle absorbs from the heat released by the
surface reaction H (J/kg); ¢, is the particle surface emissivity; O is the Stefan-Boltzmann

constant; and T, is the radiation temperature (K). The particles are treated as spherical and the

diameter evolution is modeled according to

d,=d,,(1-U)" 9)

4

Here 0 refers to initial time; & is the burning mode; and U is the fractional degree of char
conversion. In the char oxidation experiments in the IPFR there is a distribution of particle sizes.
In this thesis, mono-sized particles are assumed. The mean mass size of the char particles is used
as the initial char particle size. By assuming the particles to be mono-sized, it is not possible to
model late conversion stages [16,17]. It has been shown that char oxidation models based on
apparent kinetics can, however, accurately predict char conversion rates to around 70% of

burnout [16,17] when assuming char particles to be mono-sized. Since the size distribution data

*In Paper I this unit is incorrect
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was generally not available for the pulverized chars in this thesis, only early and intermediate

conversion stages were considered, i.e., U < 0.75. The following points are presented for

clarification:

(1)

(i)

(iii)

(iv)
™)

(vi)

The Stefen flow is not taken into account, since it is not believed to play an important
role for the investigated particle sizes, temperatures, oxygen concentrations and
reactivities [58].

The single reaction product from the char oxidation is assumed to be CO even though
there should be some CO, formation at the investigated temperatures [10,59].
Secondary reactions in the boundary layer are not taken into account following
Mitchell et al. [60].

The following values are used: ¢, = 2300 J/kgK, f, =1[14], £,=0.85 [13].

The particles are assumed to follow the gas flow. Thus, the slip velocity between the
gas and the particles is assumed to be zero justifying a Nusselt number (Nu) of 2.
The temperatures of the bulk gas and of the furnace walls are assumed to be constant

in the model. This is supported by temperature measurements in the reactor.

4.1.2 Determination of parameters

The kinetic parameters for the char-C oxidation have been determined following Murphy and

Shaddix [18]. In the determination of the parameters the following least squares-based objective

function is minimized:

Sonin =[

where

f ik = (Umod - Uexpt )

! ZZf,-i] (10)

-]max kmax k J

(an

Jik
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Here, the subscript mod stands for modeled and expt for measured; j, £ refers to the jth sampled
point in the experiments for the kth experimental test condition. In the optimization, 4, is
constrained to be positive using the transformation A4, =e" where h is between -25 and +5. The
apparent activation energy £ is constrained to be between 10 and 200 kJ/mol. It may be argued

based on the fundamentals that the real activation energy characterizing char oxidation is
independent of the reaction order. In the empirical model used in this study, all elementary char
oxidation steps are lumped into one step, so it is acceptable that the apparent activation energy is

dependent on the apparent reaction order. Thus, the joint optimization of # and E, is conducted
separately for each char for various n. Note that in ranges of the parameter pairs # and E_, which

give poor fits between the modeled and the experimental data, the objective functions yield in

similar values and as a result the optimization problem is non-convex. In this thesis, # and E, are

optimized using a brute force method.

4.2 Char-N oxidation

4.2.1 Char-N oxidation - numerical model

In the NO release models, the char-N is initially assumed to be oxidized to NO. The NO release

from the particle is modeled as

Myo =Myo r —Myg, =ZMyo ¢ (12)

where iy, , is the initial formation rate of NO, M1y,, is the reduction rate of NO, and z denotes

the fractional conversion of char-N to NO. The formation rate of NO is calculated here as

. My Yy .
Mypr =———M¢, 13
NO.f M, Y, C.expt (13)
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where Y, and Y. are fractions of nitrogen and carbon on mass basis in the char and s, is the

experimental carbon release rate according to Eq. 1. Thus, the char-N is oxidized at the same rate

proportionally to the char-C. The initial formation rate of NO, s, ., is directly taken from the

experiments in order to minimize uncertainties in the modeling of m1,, in Eq. 12. The NO

reduction reactions can be simplified with the following mechanism:
NO(g) + CO(g) — 2 Na(g) + COx(g) (RT)
NO(g) +C(s) — %2 Ny(g) +CO(g) (R2)

The relative importance of R1 and R2 varies with the temperature and is not well understood

[32,44]. In this study, the NO reduction rates are lumped together, therefore, and expressed as

~Ei vo/ RT,

kyoCho Where ky, = A, yoe ” is the kinetic rate constant and ¢, is the concentration of

NO (mol/m®). Here, Aj,NO is the pre-exponential factor ((mol/m®)'"/s); EI»,NO is the activation

energy (kJ/mol); and vy is the reaction order for the NO reduction. Lu et. al [61] showed that
temperature gradients exists in large char particles oxidized at high temperatures. For
simplification, however, the char particles are assumed to be isothermal in a given time step. The

particle temperature is calculated from Eq. 8. To calculate the particle temperature, ¢, is

assumed to be 0.6 following Chen and Kojima [62]. In the oxidation of the char, both CO and
CO; are formed as reaction products. According to preliminary camera pyrometer measurements
in the SPR, the char particle surface temperature is close to the temperature obtained from the
assumption that CO; is the sole reaction product. Therefore, H is calculated by assuming that that

the reaction product is COx.

The parent fuel particle is cylindrical, but after devolatilization, i.e., as the char oxidation starts,
the particle shape has been changed and corresponds to something between a cylinder with an
aspect ratio of around one and a sphere. Here, S,, is calculated from the external surface area of a
spherical particle. The initial value of the external char particle diameter is taken from the video,

and the development of d. is modeled assuming the particle to be shrinking with a constant
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density. Thus, d. is initially equal to d,, but as the conversion proceeds, an ash layer is formed

around the particle and d. is smaller, therefore, than d,

bl: =0
dr
b2: Cy= CNO,c
dc,,
b3: DNO,oo d;:o =Ky (CNo,oo - CNO,p )

b4: Cvo= CN(),ao

D,’\’O,char[

d ZCN() + E dCN() _
2
dr rodr

7 _
b3 kyoCyo' + ékoz COz =0 Bulk phase:
2
b dzCN() +Edcw) -0 D]V(),w(d C;ro +3 dCNOJ:o
b4 NOash| 2 - dr dr rodr

Fig. 18. Intrinsic NO release model

The equations for the concentration of NO inside and outside the particle are illustrated in Fig.

18. Inside the particle, the governing equation for NO is

d*C 2dC
D No £ %% no
NO"[ dr? rodr

J_kNOCNO}/ +§7€02 Co2 =0 (14)

The O, concentration in the char particle is calculated from

ZJ—ICOZCO2 =0 (15)

Here D, . and D, , are diffusion coefficients of NO and O in N; as determined for wood char:

D, =0.20D,, [63]. The concentrations outside the particle are obtained from:
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D

i

dzCi 2dC
= =0 (16)
dr rodr

In any time step, Eq. 14 and Eq. 15 are solved inside the char core of the particle. Eq. 16 is solved
in the ash layer of the particle and outside the ash layer of the particle. Eq. 14 and Eq. 15 are

solved using the boundary conditions at the center of the particle:

dcC.
L=0 17
dr (17

and at the surface of the char core:

C =C (18)

i ic

At the outer layer of the char core, C,, is solved by iteration in such a way that the incoming
flow of oxygen assuming Fick's law equals the consumption of oxygen. Correspondingly, C,,, is

solved in such way that the produced NO equals the NO that diffuses away from the particle. As
pointed out previously the initial NO formation rate is calculated from the experimental char-C
oxidation rate. The char-C oxidation rate is, however, also modeled, but only in order to get the
position inside the particle for the initial NO formation. Inside the ash layer, Eq. 16 is solved

using the boundary conditions in Eq.18 and at the external surface of the ash layer from:

-C,) (19)

where K, is the external mass transfer coefficient. Because the ash porosity is very high, the

diffusion coefficient in the ash layer is assumed to be the same as in the gas phase. The external

mass transfer coefficient is calculated from:
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ShD.
K, = y : (20)
P
where
Sh=2+0.6Re"Sc'" Q1)
d
Re= ”v<’ 22)
Sc= % 23)

Here Sh, Re, and Sc are the Sherwood number, the Reynolds number, and the Schmidt number
respectively. In the equations, u is the slip velocity (m/s) between the surrounding gas and the
particle; and v is the kinematic viscosity (m”/s). In the bulk phase the boundary conditions for Eq.
16 are the ones in Eq. 19 and:

C =G 24)

i i,00

The bulk phase NO concentration is calculated from the NO release from the particle divided by
the total molar flow of the reactor systems. The differential equations described in this section are
solved by the difference method by discretizing both the particle and the region outside the
particle into 50 layers. When the number of layers is further increased, the results are not changed

notably.

4.2.2 Char-N oxidation - analytical model

The analytical model by Yue et al. [42] has been successfully used under laboratory-scale

fluidized bed conditions. In this thesis the analytical model is tested for a single char particle
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oxidized in a stream of gas. In the model, first order kinetics is assumed for the NO reduction

inside the char particle. The concentration of NO is obtained from

2
DNOC d CéVO + g % - (kCOCCO + kNO )CNO + ék0 CO = O (25)
“\ dr r dr S

To solve this equations analytically, the boundary condition at the surface of the particle (» = R)

is
Cyw =0 (26)
and in the center of the particle:

dC,,
dr

=0 27)

The boundary conditions in Eq. 26 and Eq. 27 are simplifications required to obtain analytical
solutions. If the particle were surrounded by a very thin boundary layer, the NO concentration
would rapidly decrease outside the particle. In such a case, the boundary conditions in Eq. 26 can
be justified. Based on analytical solutions of the concentrations of O, and NO inside the particle

[42], the fractional conversion of char-N to NO can be calculated from

T, Th,, cosh(Thy, )~ Thy, sinh(Th,, )eoth(7h,, )
Tl —m, Th,, cosh(Th,, )— sinh(Th, )

(28)

Here, T hOz is the Thiele modulus for the char-C oxidation:

d, |K
Th, =—% |—2- (29)
* 2\D,,

,C
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and Th,,, is the Thiele modulus for the NO reduction (R1 and R2):

ThNO — dfp KC()CCO,C + KN() (30)
2 DNO,e

Since Cy,is zero in the analytical model, K +K,, is equal to K,,and correspondingly

co CCO,s

the Thiele modulus for NO required in Eq. 28 becomes

d, |K
Thy, =—L | —xo G1)
2 DNO,(:

4.2.3 Char-N oxidation - apparent kinetics model

In this section a simplified NO release model is presented. The NO release is expressed in the

same way as Eq. 12:
(NO release) = (initial formation of NO) — (reduction of NO inside char particle) (32)

In the simplified model the initial formation of NO is assumed to be proportional to the char-C
consumption rate as in Eq. 13. As a consequence the first term on the right hand side in Eq. 32 is
dependent on the particle size similarly as the char-C oxidation rate depends on the particle size.
For the biomass char particles considered in this study, the char-C oxidation rate can be assumed
to be limited by external mass transfer of oxygen. Under such Regime III conditions, the
concentration of oxygen approaches zero at the external surface of the particle, and outside the
boundary layer of the particle the oxygen concentration equals the bulk concentration of oxygen.
Note that that the boundary layer is undefined in a stagnant surrounding. By disregarding

homogenous reactions by oxygen, the concentration profile of oxygen outside the particle is
obtained from Eq. 16. With the boundary conditions at 7, :C, =0 and at 7, +6:C, =C, ,

where 6 is the thickness of the boundary layer of the particle, Eq. 16 can be solved to give the

oxygen flux to the surface of the particle:
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COZ,OC
!w L ~ 1
r, r,+ o

For 0 —> 0, Eq. 33 is simplified to ﬂ02 = l”pDoz,wCOz’w and the oxygen flux is thus proportional to

ng, = Dy, (33)

the radius of the char particle. For & — 0, the oxygen flux approaches infinity. By assuming that
o otherwise is roughly proportional to the radius of the char core, Eq. 33 can be manipulated in
such way that the oxygen flus is proportional to the radius. Thus, the first term on the right hand
side in Eq. 32 can be assumed to be approximately proportional to the radius of the particle.
Concerning the second term on the right hand side in Eq. 32, it has been shown that the relative
NO reduction increases as a function of increasing particle size [41-43]. Based on this, the second
term must be more strongly dependent on the particle size than the first term, and the NO
reduction can be assumed to be proportional to the external surface area of the char particle. With

these assumptions, Eq. 32 can be expressed as

:MNO YN .

n
mC,arpt - pNO,max SpAa,N()

-E /RT,
e a,NO P 34
T (34)

M yo

Here Aa, vo is the apparent pre-exponential factor (kg/m’sPa"); Ea,NO is the apparent activation

energy (J/mol); and 7 is the apparent reaction order for the NO reduction inside the char particle.

The particle temperature is calculated in the same way as with the numerical model. The

approximated theoretical maximum of the partial pressure of NO, p o ..., is defined as

X
pN(),max :7Np()z,oo (35)
Xc

At the temperatures considered in this study, the combustion of the large particles is expected to
be controlled by external diffusion, except for the very late conversion stages and, therefore, the
partial pressure of oxygen is near zero at the external surface of the particle. The binary diffusion

coefficients of CO and CO, differ slightly from the binary diffusion coefficient of O, in N, but
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the maximum partial pressure of CO and CO, will be close to the partial pressure of O, in the
bulk gas [3]. By also considering that the differences in the binary diffusion coefficients of CO or
CO; in Ny and NO in N, are small and that the oxidation of carbon and nitrogen is non-selective,

the partial pressure of NO can be related to the partial pressure of O, as in Eq. 35.

4.2.4 Determination of parameters

The kinetic parameters for the NO release models have been determined by minimizing the

objective function

/ 1
fmin = TZf/jm,/ (36)
max J

where

.fmin,/' = [z mNO,exp/ (t)j Z ‘mNO’expz (t) - mNO (t)‘ (37)

Here, t = 0 is the time for when the char combustion begins, and j is number of experiment, i.e.,
five in this thesis. In the analytical and numerical model Aj,o2 and ELO2 are constrained in such
way that 7h, must be larger than 100 the for the initial char particle radius at 1073K, and vy is

fixed at one. With this assumption, the char oxidation is always mass transfer limited (except for

the very final degrees of conversion due to very small particle sizes). It is not possible to
determine Ai,O2 and E,»,O2 from the measurements directly, since the conversion is nearly limited
by external diffusion of oxygen, i.e., Regime III conditions. Moreover it is important to note that

Af,02 and E,-,O2 are not used to model the carbon release rate; the carbon release rate is taken

directly from the measurements. However, Aw2 and Ei’o2 are used to get the position in the char

particle where the NO is formed, i.e., close to the external surface of the particle. For the
simplified model, only three parameters are determined for each fuel char and a brute force
method has been used for the determination of the parameters. For the numerical model the

parameters have been determined by using a genetic algorithm based on differential evolution.
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5. Results

5.1 Char-C oxidation

5.1.1 Reaction orders of bituminous coal chars

Fig. 19 shows minimized objective functions as a function of the reaction order for the 10
bituminous coal chars. The reaction orders giving the best fit are generally close to one, although
a distribution of reaction orders can be used to obtain similar values of the objective functions as
in the optimum cases. To take one example, Fig. 20 plots modeled and experimental char
oxidation profiles for the South African char using » = 0.50, n = 0.79, n = 1.00, and n = 1.08.
Note that the kinetic parameters vary for each reaction order. It can be seen that both » = 1.00 and
n = 0.79 give reasonable fits between the modeled and experimental burnout profiles to around
70% of burnout. For n = 0.5, the fit can be regarded as inadequate. For the latter case, at 1223 K
and 4 vol.% O,, the model strongly overestimates the char oxidation rate, while at 12 vol.% O,
the model underestimates the char oxidation rate. The differences between the optimum objective
function values for n and n,,, are included in the figure: when n = 1.00, the difference is 0.001;

when n =0.79, it is 0.01; and when n = 0.50, it is 0.034.

0.16 13
/19
20
0.13 ;/ 12
] «15
JF 7
0.10 ‘// 18
5
1
0.07
0.04 - . .
0.00 0.50 1.00 1.50 2.00

n

Fig. 19. Minimized objective function versus apparent reaction order for
10 bituminous coal chars.
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Fig. 20. Modeled and experimental burnout versus residence time with various
apparent reaction orders for a South African coal char. The symbols represent the
experimental data, and the lines represent the modeled data. Conditions 1-4 refer to
(1) 1223 K/12% 025 (2) 1473 K/4% O2; (3) 1223 K/8% O; and (4) 1223 K/4% O,.

Fig. 21 shows the minimized objective function as a function of the fixed-carbon content of the
parent coal of the chars with n = 0.5, n = 1, and by using the optimum 7. The figure shows the
difference between the objective functions for n,,, and for (i) n = 0.5 and (ii) » = 1. There is no
obvious relationship between the reaction order and the fixed-carbon content of the bituminous
coal chars. Moreover it can be seen that n = 1 gives better fits between the modeled and
experimental burnout profiles than » = 0.5. For n = 0.5, the objective function difference is < 0.01
for four of the 10 chars, while n = 1 yields differences < 0.01 for nine of the 10 chars. The char

for which n =1 gives a fit above 0.01 is the Enel coal char; its reaction order is discussed below.
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Fig. 21. Minimum values of objective functions using the optimized Kkinetic
parameters and apparent reaction order (filled triangles), and of objective functions
with a fixed value for the apparent reaction order and optimized kinetic parameters
(circles) for ten bituminous coal chars. Each set of points (one triangle, one circle)
represents one char. The squares represent the differences between the minimum
values of the objective functions (triangles and circles) for each char.

For the Enel coal char n,, = 1.36, and the minimum value of the objective function is 0.063. For
n = 0.5 and n = 1, the minimum values of the objective functions are 0.133 and 0.082,
respectively. Fig. 22 shows the modeled and experimental burnout profiles of the char from the
Enel coal, using n =0.5, n = 1, and n = 1.36. The experimental burnout profiles at 4 and 12 vol.%
O, differ significantly; an increase in the oxygen concentration affects the burning rate strongly,
implying a high reaction order. However, a reaction order of 1.36 appears to be unrealistic. In the
figure, two outliers which might explain the high apparent reaction order are marked. Repeating
the optimization without the outliers gives an optimum reaction order of 1.19. In this case, n = 1
gives an objective function less than 0.01 from the optimum case. Nevertheless, whether the

outliers are included or excluded, n = 1 is a better alternative than n» = 0.5.
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Fig. 22. Modeled and experimental burnout versus residence time with various
apparent reaction orders for an Enel coal 2001 char. The symbols represent the
experimental data, and the lines represent the modeled data. Conditions 1-4 refer to
(1) 1673 K/4% O2; (2) 1223 K/12% O2; (3) 1223 K/8% O; and (4) 1223 K/4% O,.
The experimental outliers are marked with a circle.

Since the char oxidation is strongly exothermal, the relationship between the apparent reaction
order and the activation energy must be considered: an increase in the oxygen concentration gives
higher particle temperatures, which give faster burning rates due to faster chemical kinetics. The
assumption that the oxidation product is solely CO, will lead to overestimation of the particle
temperatures during the oxidation of pulverized char particles [14,18]. Fig. 23 plots the mean

objective function F of the 10 chars as a function of n:

Fy=2 3 1o (E.. A,.n) (38)

char =1

RS
N
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The optimum apparent reaction orders of the 10 chars based on the mean objective function given
by Eq. 38 are 0.93 and 0.82 when the reaction product is CO or CO,, respectively. Fig. 23 shows
that n = 1 is a better alternative than n = 0.5 for the 10 chars, with either CO or CO, as the single

reaction product.
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n

Fig. 23. Mean of the objective functions F as a function of the apparent reaction order, for
ten bituminous coal chars, with reaction product CO or CO,.

As pointed out in the introduction of the thesis, several studies have reported reaction orders of
one at Regime II conditions for bituminous coal char. Nevertheless, the true reaction order for
char-C oxidation has generally been suggested to 0, which under Regime II conditions frequently
is assumed to correspond to an apparent reaction order of 0.5. Thus, this is in contrast to the
determined reaction orders of this thesis. Conventionally, reaction orders are determined by
changing the oxygen concentration of the gas at a given gas temperature. As the oxygen
concentration increases, the particle temperature increases, enhancing the kinetic rates of the
reactions. Therefore the activation energy needs to be known. However, in order to determine the

activation energy under Regime II conditions, the reaction order needs to be known.

To demonstrate this problem, kinetic parameters are determined for the Economy char by using
an Arrhenius plot. In this procedure the logarithmic rate divided by the surface pressure of
oxygen and the external surface area is plotted versus the inverse temperature. Here the rate is
taken from the experimental data and the pressure of oxygen at the external surface is calculated

by taking the external diffusion into account (see Eq. 3 and Eq. 6).
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Fig. 24. Logarithmic rate versus inverse temperature
by assuming the apparent reaction order to (i) 1 and (ii) to 0.5.
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Fig. 25. Logarithmic rate versus logarithmic partial pressure of oxygen
at the external surface of the particle by assuming the activation energy to
(i) 78 kJ/mol and (ii) to 63 kJ/mol.

Fig. 24 shows such a rate versus the inverse temperature for the Economy char using (i) » = 1 and
(i) n = 0.5. The activation energy is calculated from the slope and is 78kJ/mol in the first case
and 63 kJ/mol in the second case. From the multivariable optimization the objective function is
0.114. By using the parameters from the Arrhenius-plot the objective functions are 0.13 and 0.17
with n = 1 and 0.5, respectively. The apparent reaction order can be obtained by plotting the

logarithmic rate divided by the kinetic rate constant and external surface area versus the
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logarithmic surface pressure of oxygen (see Eq. 3). Fig. 25 shows such plots by assuming the
apparent activation energy to (i) 78 kJ/mol and (ii) 63 kJ/mol. In the first case, the optimum
reaction order is 0.91 and in the second case the optimum reaction order is 0.66. Thus the
reaction order is, as expected, strongly dependent on the value of the activation energy under
Regime II conditions. For the experimental data of the Economy char, fixing the activation
energy to a low value gives a lower apparent reaction order than fixing the activation energy to a
higher value. Conventionally it is assumed that the apparent activation energy under Regime 11
conditions is half of the activation energy determined under Regime I conditions [11]. This is
complicated, however, due to the fact that the rate limiting steps differ as a function of

temperature Char-C oxidation can be simplified with the two following lumped reactions:

2C(s) + O2(g) — 2CO(g) (R3)
C(s) + Oa(g) — COx(g) (R4)

The activation energy of the first reaction is higher than of the second reaction and, therefore, the
CO/CO; ratio increases as a function of increasing temperature. Geier et al. [10] showed
numerically that this ratio can be around 0.5 at temperatures characterizing Regime I conditions,
while the ratio can be around 10 at temperatures characterizing Regime II conditions. Therefore,
if the apparent activation energy is determined under Regime I conditions and extrapolated to
Regime II conditions (divided by two) the apparent activation energy will be underestimated at
Regime II conditions, since the activation energy of the first step is higher than of the second
step. Following Fig. 25, this would lead to an underestimation of the apparent reaction order.
Thus, to determine kinetic parameters and reaction orders for char-C oxidation under Regime II

conditions, the two conventional ways — TGA-tests and Arrhenius-plots — can be questioned.

5.1.2 One-parameter model for bituminous coal chars

By fixing the apparent reaction order to one, apparent activation energies have been determined
for the 22 bituminous chars. Fig. 26 shows the apparent activation energies of the 22 chars. The
activation energies are plotted as a function of fixed-carbon content of the parent coals. There is

no obvious relationship between the activation energies and fixed-carbon contents of the parent
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coals. The activation energies lie between 48 and 99 kJ/mol and are listed in Table 3. These
values are in agreement with reported values and are typical for Regime II conditions [e.g.
3,4,7,11,17,18,21,22,28-31]. It is, however, useful to compare the char oxidation rates to rates
limited by external diffusion. The maximum values of these fractions are generally below 0.05 at
1223 K. At this temperature, the highest value was observed for the Genesee char, i.e., 0.27.
Correspondingly, the fractions are generally around 0.10-0.20 at 1673 K. Also at this
temperature, the highest value was observed for the Genesee char, i.e., 0.38. Thus, it is likely that

the oxidation of the 22 chars occur under Regime II conditions.

Fig. 27 illustrates a contour diagram of A4, and E, for a Polish coal char; the contours correspond
to the values of the objective function in Eq. 10. The optimum £, is 85 kJ/mol. The figure shows
that a range of parameter combinations of A, and E, can be used to yield a similar value of the

objective function, as in the optimum case.
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Fig. 26. Apparent activation energies of 22 bituminous coal chars
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Fig. 27. Contour diagram of the apparent pre-exponential factor and
apparent activation energy of a Polish coal. The values indicated on the
contours correspond to the values of the objective function. The minimum is
marked with a filled circle
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Fig. 28. Mean objective function as a function of the apparent activation energy of 22
bituminous coal chars with apparent reaction order of 0.5 and 1.
Fig. 28 displays the mean objective function (Eq. 38) as a function of the constant apparent
activation energy for the 22 chars. The optimum constant apparent activation energy is 74 kJ/mol.
In the figure, the mean objective function curve is also displayed for n = 0.5. The mean objective
function is slightly higher for this case and the value of the constant apparent activation energy
decreases to 64 kJ/mol. Fig. 29 illustrates the objective functions for the 22 coal chars when E, is
separately determined for each char, and when E, = 74 kJ/mol for all the chars. Note that the pre-
exponential factors are determined separately for each char and activation energy. Generally, the
objective functions are similar in both cases, implying that the constant activation energy of 74
kJ/mol is appropriate. To test whether there is any statistical difference in the two groups of

objective functions, the following opposing hypothesis is tested: the expected value of the
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objective functions with £, = 74 kJ/mol (population 1) is higher than the expected average value
of the objective functions with E, optimized separately for each char (population 2). Here, the
expected average value of population 2 is assumed to be equal to the mean value of population 2,
that is, 0.114. To test the hypothesis, a one-sided confidence interval is calculated for population

1:

n

where x is the mean value of population 1, 0.126; ¢, is the t-quintile;s is the standard
deviation; 7 is the size of the population; and v=n—1.The confidence interval equals to 7, =

(0.109; o) with a significance level of 0.05. According to the confidence interval, the expected
value of population 1 can be smaller than the expected average value of population 2 and, as a
consequence, the hypothesis cannot be accepted. Based on this a constant activation energy of 74

kJ/mol can be used for the investigated conditions.
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Fig. 29. Minimum values of objective functions using the optimized activation
energies for 22 chars, of objective functions using constant a activation energy
for the 22 chars, and of objective functions using constant activation energy
and constant pre-exponential factor for the 22 chars
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Fig. 30. Apparent pre-exponential factors of 22 bituminous coal chars with a

constant apparent activation energy of 74 kJ/mol for each char versus fixed carbon

content of the parent coal.
With a constant £, and n, 4, is the single fuel specific parameter. In such a case the difference in
A, corresponds to the difference in the reactivity. Fig. 30 shows A4, (with constant E, of 74
kJ/mol) of the 22 chars as a function of the fixed-carbon content of the parent coals. For 21 of the
22 chars A, vary between 0.2 and 1 g/(sm2 Pa), while 4, of the Genesee char is 2.5 g/(sm2 Pa),
Thus, the kinetic rate for the Genesee char is more than 12 times higher than the coal chars with
the lowest reactivity, i.e., the lowest value of 4,. To demonstrate the influence of 4, on the
objective function, the objective functions of the 22 chars have been calculated with 4,= 0.5 g/(s
m” Pa) for the 22 chars, because most of 4, is in the proximity of 0.5 g/(sm” Pa), for the chars. In
Fig. 29, the objective functions with all the kinetic parameters fixed for the 22 chars are
illustrated, i.e., 4, = 0.5 g/(sm2 Pa), E, = 74 kJ/mol, and n = 1. The figure shows that the
objective functions, and thus the difference in the fits between modeled and experimental data,
increase significantly when 4, is fixed compared to when A, is char specific. The char reactivity
is a function of active surface area available for reaction, distribution of active sites, and catalytic
elements. Since the internal surface area is not available for the 22 chars, it is not possible to

further correlate the pre-exponential factors with the properties of the coals and the chars.

Fig. 29 and the analyses above show that only one parameter is required to predict char oxidation

rates of bituminous coal chars under Regime II conditions. This has not been demonstrated
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previously by using apparent kinetic models and it simplifies the use of such a sub-model in CFD

codes, since fewer parameters need to be determined.

As pointed out, the model cannot be used for predicting late degrees of char conversion and
carbon in ash in CFD modeling of pulverized fuel combustion. More detailed models are required
for this. It is also important to point out that the model has been tested for a limited range of
conditions. At the highest gas temperatures considered, generally 1673 K, the oxygen
concentrations in the gas were generally 4 vol.%. According to the model, the particle
temperatures approaches 1800 K and the particle surface concentrations of oxygen is
significantly below 4 vol.% O, under such conditions. Although the temperature and the oxygen
concentration varies as functions of degree of char conversion, particle trajectories, and boiler
type, these conditions are not far from the conditions where most of the char is oxidized in

pulverized fuel boilers.

Table 3.

Parent coals, kinetic parameters of chars
Coal: E, ? A, : Ay :
Columbian coal 66 0.131 0.264
Dawmill fine 71 0.304 0410
Douglas prem. (a.f.)¢ 67 0.143 0.254
Douglas prem. (a.f.) 82 0.564 0.298
Economy 87 1.430 0.453
El Cerrejon 71 0.259 0.329
Enel coal 2001 53 0.070 0.471
Fettnuss 91 2997 0732
Genesee 53 0.457 2.479
Gottelborn 59  0.077  0.286
Gottelborn < 150 99 7.013 0.842
Kellingley 45 90 1.070  0.254
Kellingly coarse 48 0.073 0.531
Kleinkopje 56 0.056 0.249
Kleinkopje 99 1.612  0.167
Middelburg fine 62 0.103 0.275
Polish 59 0.112  0.349
Polish 85 1.038 0.394
Polish 90 1.103  0.249
Polish 5600 54 0.149 0.968
South African 68 0.332 0.564
Spitsbergen 62 0.277 0.747

*Activation energy, E,, (kJ/mol) and pre-exponential factor, A,,(g/m’sPa). A, is the determined pre-exponential factor
with a constant apparent activation energy of 74 kJ/mol
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Table 4.
Parent coals, kinetic parameters of chars, apparent reaction orders of chars.

Coal E,*  A° T

1. Anthracite 113 0.00823 0.95
2. Charbon Vietnamien 43 0.055 0
3. Charbon Chinois 83 2.72 0
4. Niederberg 85 2.01 0
5. Silo Sample 95 0.202 0.38
1. Beach tree 33 0.00025 0.78

Apparent activation energy (kJ/mol), apparent pre-exponential factor (kg/m’sPa") and the apparent
reaction order n

5.1.3 Comparing reaction orders of anthracite chars and bituminous coal chars

Fig. 31 displays F for 10 bituminous coal chars, the 5 anthracite chars and f,

i for the single
biomass char as a function of n. While the optimum # is around one for the bituminous coal

chars, the optimum # for the anthracite chars is zero.
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Fig. 31. Mean objective function as a function of the apparent reaction order for 5
anthracite chars and for 10 bituminous coal chars, and the objective function of one
biomass char.

Fig. 32 shows modeled and experimental burnout profiles of one anthracite char, the biomass
char, and one bituminous coal char. The initial mean sizes of the anthracite char, biomass char,
and the bituminous coal char are similar: 39 um, 41 um, and 42 pm, respectively. The figure
shows good agreement between modeled and experimental char oxidation rates to around 70% of
char conversion. The figure shows remarkable rate differences between the three categories of
chars. At 1673 K and 4 vol.% O,, the time to 50% conversion of the biomass char is around 100

ms, while the corresponding time for the bituminous coal char and anthracite char is around 200
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ms and 500 ms, respectively. At 1223 K and 4 vol.% O,, the time to 50% conversion of the
biomass char is around 150 ms, while the time of the bituminous coal char is around 1000 ms.

The anthracite char reaches only around 15% of conversion in the IPFR in the investigate time

interval.
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Fig. 32. Burnout profiles of one anthracite char, and one biomass char and one
bituminous coal char. Symbols refer to experiments and lines refer to modeling. The
conditions in the surrounding gas are (T (K)/vol.% O,): (1) 1223/4, (2) 1223/6, (3)
1223/8, (4) 1223/12, (5) 1473/4, and (6) 1673/4.
The maximum values of the modeled particle temperatures are shown in Fig. 33. At the gas
temperature of 1673 K, the maximum particle temperatures of the anthracite char, biomass char,
and the bituminous coal char are 1688 K, 1853 K, and 1737 K. At 1223 K, the corresponding
particle temperatures are 1225 K, 1270 K, and 1229 K. Regarding the high particle temperatures,
especially for the biomass char at 1673 K, it is useful to compare experimental char-C oxidation
rates to rates controlled by external diffusion. The maximum values of these rate fractions are
shown in Fig. 34 for the three chars. The highest value can be observed for the biomass char, i.e.,

0.12. Thus it is obvious that the char-C oxidation does not occur under Regime III conditions.
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The char oxidation rates are so slow for the anthracite char, i.e., the fraction < 0.005, that the
oxidation may take place under Regime I conditions. This could explain a reaction order of zero
which is hard to justify under Regime II conditions. If Regime II conditions would occur, the
entire internal surface area would not be active in the heterogeneous reactions. Therefore an

increased concentration of reactants must give a higher oxidation rate, though the reaction order

2200 | m T, =1673K
Tp.s =1223K
1800
1400 I
1000 . :

Antchar Biomass  Bit coal
char

of the rate limiting step is zero.

max. part. temp. (K)

Fig. 33. Maximum modeled temperature of ~40 pm anthracite char particle, biomass
char particle, and bituminous coal char particle at 1223 K or 1673 K with 4 vol.%
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rate / max. rate

Fig. 34. Maximum value of oxidation rate divided by rate controlled by external
diffusion of ~40 pm anthracite char particle, biomass char particle, and bituminous
coal char particle at 1223 K or 1673 K with 4 vol.% O,.

Fig. 32 shows that as the oxygen concentration increases from 4 to 12 vol.% O,, the combustion
rate changes negligibly for the anthracite char, while it changes significantly for the bituminous
char: at 4 vol.% O, and 1473 K, the oxidation rate is lower than at 12 vol.% O, and 1223 K.
However, for the anthracite char, the oxidation rate at 4 vol.% O, and 1473 K is significantly
higher than at 1223 K and 12 vol.% O,. One explanation for this deviation could lie in

differences in particle temperatures, but, as discussed above, the temperatures of the anthracite
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char particles and the bituminous coal char particles do not differ sufficiently from each other to
justify such a deviation. Moreover in both cases the effects of external diffusion are relatively
small and cannot explain the observed difference. Therefore is likely that not only the overall
oxygen pressure dependence on the reaction rate, but also the true limiting reaction order, are
different for the bituminous coal chars and the anthracite chars at the investigated conditions: the
true reaction order of the anthracite chars is low, i.e., close to zero, and the true reaction order of

the bituminous coal chars is high, i.e., close to one.

Various char oxidation mechanisms have been presented in the literature to explain
experimentally observed char oxidation behavior. Hurt and Calo [21] pointed out that most char

oxidation mechanisms are too detailed for practical use. Therefore they proposed a semi-global

mechanism:

2C(s) + Ox(g) — 2C(0) (RS)
C(0) + Oy(g) — CO/COx(g) (R6)
C(0) — CO(g) (R7)

Here C(O) represents chemisorbed oxygen atoms at a carbon site. The objective of this model is a
quantitative treatment, which requires simple forms of the corresponding rate laws. In R6 the
reaction product can be either CO or CO; and, therefore, the reaction contains implicit free sites
to balance elemental carbon on the left hand side. Hurt and Calo [21] emphasize that any of the
three steps may be a lumped description of several elementary steps. From this mechanism, the

overall rate can be expressed as:

r=kP, 0+k,0 (39)

where @ is the coverage of chemisorbed oxygen atomes and £; is the kinetic rate constant. At a
given temperature and oxygen partial pressure, the overall rate dependence on the partial pressure
of oxygen is independent of the value of 4, i.e., the effective reaction order is constant. Since the
oxidation rates of the anthracite chars are lower than of the bituminous coal chars, the intra-

particle oxygen pressure is expected to be slightly higher for the anthracite chars than for the
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bituminous coal chars. Following Eq. 39, the reaction order for the anthracite chars should be
equal to or higher than the reaction order for the bituminous coal chars. This is in contrast to the
observed difference between the two categories of chars. One possibility is, therefore, to

introduce the following step:
2C(0) — COx(g) +C(s) (RB)

This oxidation step has frequently been suggested as a possible reaction step in the oxidation of

chars [e.g. 13,20]. Taking into account this step, the overall oxidation rate becomes

r=kgPy 0+k,0+k,0’ (40)

Assuming that kg, >k, p,, ,k, at the investigated temperatures, the overall rate is simplified to
r=ky 41)

as 6 > 1. However for low values of @ the overall rate equals Eq. 39. Thus, as € — 1, the
limiting reaction order approaches zero, and as @ — 0 the true reaction order is between zero and
one, depending on the values of the kinetic parameters. For anthracite chars, the specific internal
surface area is essentially inaccessible, since the initial specific internal surface area of the parent
coal is low, and remains so, since effects of devolatilization on the internal surface area are small
[3]. For bituminous coals, the pores open up to a much higher extent during devolatilization due
to the higher volatile content [3]. Therefore it is possible that the coverage of chemisorbed
oxygen atoms is locally higher for the anthracite chars than for the bituminous coal chars at the
investigated temperature. This is also supported by the numerical results by Geier et al. [10].
They showed with a similar model as presented here (the model of this study and the model by
Geier et al. [10] were presented at the 34™ Symposium (International) on combustion) that by
slightly increasing the oxygen pressure at temperatures of around 1200 K, the coverage of
chemisorbed oxygen atoms can increase significantly. Since the burning rates of the anthracite

chars is slower than those of the bituminous coal chars, the oxygen pressure inside the anthracite
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chars is expected to be higher than for the bituminous coal chars. In such a case, R8 plays a more
important role for the anthracite chars, and the reaction order can be expected to be lower than for
the bituminous coal chars. With RS as the primary oxidation step, CO; is the primary oxidation
product. As pointed out earlier, it has been suggested that CO is the major oxidation product at
these temperatures [10,59]. The CO/CO; ratio increases partly due to intra-particle CO; reduction
to CO. At the investigated temperature such reduction effects cannot be expected to be large
following Stanmore et al. [64]. Therefore it is more likely that R8 in combination with R6 or R7
is rate limiting, rather than R8 alone. Nevertheless, in both of these cases a lower reaction order
can be achieved for the anthracite chars than for the bituminous coal chars at the investigated
temperatures. As a consequence, the difference in reaction orders between the anthracite chars
and bituminous coal chars can be explained by the semi-global kinetic model [21] by also

considering the additional step 2C(O) — CO; + C in the char oxidation.

5.2 Char-N oxidation

In this thesis three NO release model during char oxidation are investigated: the numerical model
presented in Chapter 4.2.1, the analytical model presented in Chapter 4.2.2 and the simplified
model based on apparent kinetics presented in Chapter 4.2.3. In Chapter 5.2.1, results are
presented from the numerical and analytical model. In Chapter 5.2.2, results from the simplified

model based on apparent kinetics are presented.

5.2.1 Numerical and analytical model

The numerical NO release model has been tested for single char particles of spruce bark. The
determined parameters are available in Table 5. For the NO reduction, the activation energy is 71
kJ/mol and the reaction order is 0.59. Generally reaction orders for NO reduction inside biomass

chars have been reported to be below one [44,51-55].

Fig. 35 shows modeled and experimental NO release rates at 1173 K and 10 vol.% O, using the
numerical model. In the figure the NO release curves are in good agreement. Initially the NO

release rates are low and then increase as a function of burnout.
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Table 5.
Kinetic parameters and reaction order for NO reduction of spruce bark char.

40, 5.27-10"
E " 168
A; vo 2.38-10*
Ei,NO 71
ye 0.59

*Pre-exponential factor ((1/s(mol/m*)")
®Activation energy (kJ/mol)
‘Reaction order
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Fig. 35. Modeled and experimental NO release rates for char particles of spruce
bark and degree of NO reduction inside particle. The initial diameter of the parent
fuel particle was 0.8 cm.

In the figure, the modeled and experimentally based NO reduction degree (1-z) as a function of
char oxidation time is also shown. Initially, the degree of NO reduction is close to 100% (z = 0)
and, therefore, the NO release is low. The degree of NO reduction then decreases as a function of
conversion and, correspondingly, the fractional conversion of char-N to NO increases. To
compare the concentrations of NO inside and outside the particle, two points are selected from
Fig. 35: A is at 50 seconds and B is at 190 seconds. From Fig. 35 it can be seen that the fractional
conversion of char-N to NO is 20% at A and 60% at B. Fig. 36 displays the concentration of NO
inside the char particle and outside the particle at points A and B. It can be seen that the absolute
values of the NO concentration are significantly higher at point B than at point A inside the

particle. This may be expected since the fractional conversion of char-N to NO is higher at A
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than at B: the higher the fractional conversion of char-N to NO, the lower the concentration of
NO inside the particle. Goel et al. [43] suggested that the char-N conversion is dependent upon
the outflowing NO in such way that a steeper concentration gradient in the boundary layer favors
NO diffusion from the particle, resulting in less reduction of NO. This is supported by the curves
in Fig. 36: the NO concentration gradient outside the particle is much steeper for the smaller
particle size. Thus, as the particle decreases in size the formed NO is more rapidly transported
away from the particle and, consequently, less NO is reduced. Fig. 37 shows dimensionless
radius, external surface area, and volume of the char core as functions of time at 1173 K and 10
vol.% O,. In the figure the NO reduction degree curve is also plotted. In general, there is a
relatively good agreement between the changes in radius and the changes in degree of NO
reduction. This is equivalent to that the relationship - reduction of NO/formation of NO - is

approximately proportional to the diameter of the char particle.”

It is likely that the NO concentration inside the particle increases as a function of conversion. One
interesting point is that the lower the reaction order, the less the NO reduction rate is influenced
by an increased concentration of NO inside the particle. Thus, if the reaction order were, e.g.,
one, the fractional conversion of char-N to NO would not be increasing as rapidly as can be seen
in Fig. 35 with a reaction order of 0.59. Two possible explanations may explain a higher reaction
order than 0.59 (i) accumulation of nitrogen in the char [36,65,66] and (ii) thermal annealing
[46]. (1) If nitrogen were retained in the char during the char oxidation, the initial formation rate
of NO would be expected to increase and, moreover, the fractional conversion of char-N to NO
would be expected to increase as a function of conversion. (ii) If thermal annealing occurs, the
char reactivity for the NO reduction would be expected to decrease, resulting in a higher relative
NO release rate as a function of conversion. Since these factors are not taken into account in the

model, this may be compensated for by a reduced value in the reaction order.
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Fig. 36. Modeled NO concentration profiles
inside and outside a biomass char particle.
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Fig. 37. Degree of NO reduction inside char particle (z), normalized particle diameter,
external surface area, and volume as a function of time.
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Fig. 38 shows modeled and experimental NO release rates at 1073 K and 1323 K with 10 vol.%
O, by using the numerical model. At both temperatures the agreements are generally good. In
both cases, there is a deviation between the curves during the initial char oxidation. During the
first seconds of the char oxidation the NO release is close to zero according to the experiments.
This cannot be seen in the modeled NO release curves. Garijo et al.[53] also observed this
behavior during NO reduction experiments inside char particles of biomass. Their explanation is
that the initially available NO is adsorbed onto the internal surface of the char and after a few
seconds a steady state is reached between adsorption and desorption products. It is possible that
this initial NO adsorption occurs in the experiments of this study. Nevertheless, since this has a
small impact on the overall modeled NO release rates it is not included in the model. Fig. 39
shows modeled and experimental amount of nitrogen released from the char particle of NO. At
1073 K around 40% of the char-N is released as NO and at 1373 K around 20% of the char-N is

released as NO.
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Fig. 38. Modeled and experimental NO release rates for char particles of spruce bark.
The initial diameter of the parent fuel particle was 0.8 cm.
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Fig. 39. Modeled and experimentally measured amount of NO released during
char combustion of biomass particles. The numbers on the x-axes refer to
temperature (K) and vol.% O, in the surrounding gas.
In the analytical model, the reaction order for the NO reduction is one and, therefore, the pre-
exponential factor and the activation energy also differ [18] and must be determined separately.
The activation energy for the NO reduction is in this case 200 kJ/mol and higher than for the
numerical model and reported values in the literature [44,51-55]. Fig. 35 shows modeled and
experimental NO release rates from a single biomass char particle at 1173 K and 10 vol.% O, by
using the analytical model. It can be seen that the experimental NO release rate increases as a
function of conversion, while the modeled NO release rate decreases as a function of conversion.
Fig. 35 also shows modeled and experimentally based curves for the degree of NO reduction as a
function of char oxidation time. The modeled degree of NO reduction is relatively constant as
function of time by using the analytical model. In Fig. 36 it can be seen that the NO
concentration is at its maximum at the external surface of the particle. Consequently, it is clear
that the assumption of the analytical model that the concentration of NO is zero at the external

surface area of the particle is insufficient for the experiments investigated in this study.
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The kinetic parameters were determined from the experiments shown in Fig. 35 and Fig. 38 and
also from the other experiments as described in the experimental section. To validate the
numerical model, experiments were performed for larger particle sizes, i.e., initial mass of 0.5 g
and diameter of 1 cm. Fig. 40 shows modeled and experimental NO release rates for these larger
particles using the kinetic parameters determined for the smaller particles with an initial parent
fuel diameter of 0.8 cm and mass of 0.2 g. These validation tests were performed at 1173 K with
10 and 19 vol.% O,. At both conditions the agreement between the curves are good and the

model is thus successfully validated for these conditions.
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Fig. 40. Modeled and experimental NO release rates for char particles of spruce
bark. The initial diameter of the parent fuel particle was 1 cm.
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Fig. 41. Fractional conversion of char-N to NO as a function of
particle diameter, and for various particle temperatures.
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Fig. 41 shows calculated fractional conversion of char-N to NO as a function of particle size for
various temperatures with a slip velocity of 0.15 m/s and with 10 vol.% O, in the gas. The figure
illustrates that the fractional conversion of char-N to NO decreases as the temperature increases,
for a given particle size. This may be explained by that the char-C oxidation is generally limited
by external diffusion for the conditions considered in the figure. Thus, the initial formation rate
of NO is also a function of external diffusion of oxygen and the NO formation rate increases
slightly as the temperature increases. The NO reduction reactivity increases significantly,
however, as a function of temperature and, therefore, more NO is reduced as the temperature

increases.

Table 6.
Apparent kinetic parameters for NO reduction inside biomass char particles.
Eono’  Aqno’ n
spruce bark 41 1.94E-5 0.90
SRC (poplar) 41  7.89E-6 0.85
straw 43 2.25E-5 0.70
torrefied wood 50  2.04E-5 1.00

Apparent pre-exponential factor (kg/sm’Pa")
®Apparent activation energy (kJ/mol)
“Apparent reaction order

1,1
------ spruce bark
SRC poplar
0,9 A e danish straw
= e = torrefied wood
0,7 -
£
£
[T
0,5
RO
R .
T e <
0,3 b ° ..\“\__,'_ -
0,1 T T T
0,0 0,5 1,0 1,5
n

Fig. 42. Minimized objective function verses apparent reaction order
for 4 biomass chars.
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5.2.2 Apparent Kkinetics model

For the CFD applicable NO release model based on apparent kinetics, Fig. 42 shows minimized
objective functions versus the reaction order for the 4 biomass chars. The values of the
determined reaction orders and the corresponding kinetic parameters are given in Table 6. For the
chars of spruce bark, SRC poplar, straw, and torrefied wood, the optimum reaction orders are
0.90, 0.85, 0.70, and 1.00, and the optimum apparent activation energies are 41, 31, 33, and 50
kJ/mol, which is in agreement with previously suggested values [44,51-55]. The activation
energy for the spruce bark char was 71 kJ/mol in the numerical model, and the reaction order was
0.59. The deviation between the simplified model and the numerical model is expected, since in
the numerical model the NO reduction rate is related to the true (calculated) concentration of NO
inside the biomass char particle. Such “true” activation energy is higher than an apparent
activation energy that incorporates diffusion effects such as in the simplified model based on
apparent kinetics. Because of these effects, the apparent reaction order is expected to be higher

than the “true” reaction order [11].
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Fig. 43. Modeled and experimental NO release rates for char particles of spruce bark.
The initial diameter of the parent fuel particle was 0.8 cm.
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Fig. 43 shows modeled and experimental NO release rates of the spruce bark char at the
following conditions (7% (K)/O, (vol.%)): 1073/10, 1173/3, 1173/19, 1323/10. It can be seen that
the NO release generally increases as a function of burnout. Fig. 44 shows modeled and
experimental NO release rates of single char particles from spruce bark, SRC poplar, Danish
straw and, torrefied wood at 1173 K and 10 vol.% O,. Similarly as for the spruce bark char in
Fig. 43, the modeled and the experimental NO release rates increase throughout the conversion. It
can be seen in both figures that the modeled NO release in some cases starts at zero, while it

sometimes starts at a higher value. This is because the entire formed NO is reduced according to
the model.

3
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Fig. 44. Modeled and experimental NO release rates for char particles of spruce

bark, SRC (poplar), straw, and torrefied wood. The initial diameter of the parent
fuel particle was 0.8 cm.
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Fig. 45 shows one example of the experimental NO release rate, and the estimated initial
formation rate of NO, i.e., calculated from the measured carbon release rate and the measured
nitrogen and carbon contents of the char. It can be seen that the initial formation rate of NO
corresponds to the NO release rate at final conversion stages. This implies that none of the
formed NO is reduced at these stages, and that the oxidation of carbon and nitrogen is entirely
non-selective. Moreover this implies that nitrogen is not accumulated in the char during the char

oxidation.

10
8 NOrelease experimental
—— — NOformation: MNOIMN'fN/fC* dmcldt
0 6l— T T — i
(o)) —
3 ™
~ RN
SRC poplar
8 4} T S17BK A
£ B=19%
2t 4
0 1 1 1 1 )
0 10 20 30 40 50 60
time (s)

Fig. 45. Experimental NO release rate, and initial formation rate of NO as calculated
from measured carbon release data of SRC poplar char particle at 1173 K and 19%
O; in the surrounding gas. The initial diameter of the parent fuel particle was 0.8
cm.
Fig. 46 shows experimental and modeled amounts of released NO from the biomass chars. In all
cases the agreement between the modeled and experimental amounts of released NO during the
char combustion is good. At 1073 K and 10 vol.% O, the lowest value of the percentage of char-
N being released as NO is observed for the Danish straw, 23%, and the highest value is observed
for the torrefied wood char, 56%. At 1373 K and 10 vol.% O, the corresponding values are 15%
(Danish straw char) and 24% (torrefied wood char). This is equivalent to that NO corresponding
to 5—13% of the initial fuel-N nitrogen is released at 1073 K, and that NO corresponding to 3—5%
of the initial fuel nitrogen is released at 1373 K during the char combustion stage. Based on these
results, the Danish straw char has the best potential to reduce the formed NO, even though the
potential is nearly as good for the other chars. Serensen et al. [51] showed that the NO reduction
potential for straw char is excellent at similar temperatures, as also investigated in this study. The

values in Fig. 46 indicate that the char reactivity for NO reduction is nearly as good for the other
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biomass chars. The values of the NO release in Fig. 46 are within the range of reported values.
Winter et al. [39] combusted chars from five biomasses in a laboratory scale fluidized bed. They
showed that 2—-50% of the char-N is released as NO during the char conversion at 1073 K. Zheng
et al. [67] concluded that NO corresponding to 10-20% of the initial fuel-N was released during

char combustion of beech wood char at 973 K. Similar values were reported by Giuntoli et al.

[68].
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Fig. 46. Modeled and experimentally measured amount of NO released during char

combustion of biomass particles. The numbers on the x-axes refer to temperature

(K) and vol.% oxygen in the surrounding gas.
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To validate the model, combustion experiments were performed in the SPR with larger particles
of spruce bark and torrefied wood for 0.5 g particles such as in Fig. 40. Fig. 47 shows modeled
and experimental NO release rates of these chars at 1173 K and with 10 and 19 vol.% O;. In both

cases, the agreement between the modeled and experimental NO release rates is good.
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Fig. 47. Modeled and experimental NO release rates for char particles of torrefied wood
and spruce bark. The initial diameter of the parent fuel particle was 1 cm.

Due to the large size of the char particles, the particle temperature is strongly influenced by
radiation to and from the particle surface and of the energy produced/consumed in the char
oxidation reactions. To test the sensitivity of the modeled NO release rates towards the particle

temperature, the NO release rates have been modeled by assuming that (i) ¢, = 0.9, (ii) ¢,= 0.9

and H =0.3H, and (iii) H = 0.3 H. In the second and the third case, the reaction enthalpy is
reduced to 30% of the reaction enthalpy used in the model. This corresponds to that CO would be
the single reaction product. Fig. 48 shows modeled and experimental NO release rates of the SRC
poplar char at 1073 K and 1323 K with 10 vol.% O, using the various parameter setups. It can be

seen that the modeled NO release rates increase with increasing ¢, or with decreasing /. This

can be explained by the particle temperature being lower in these cases compared to the original
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case, and as a consequence the NO reduction rate decreases. Nevertheless, it can be seen that the

accuracy of the modeled rates is not significantly reduced with the different approaches to model
the particle temperature.
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Fig. 48. Modeled and experimental NO release rates for SRC poplar char particle,
using various parameter setups in the model. The initial diameter of the parent fuel
particle was 0.8 cm.
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6. Conclusions, implications and future work

6.1 Conclusions

For various types of solid fuel chars it was shown that a model based on apparent kinetics could
be used to predict char-C oxidation from 0 to 70% of conversion under industrially relevant
combustion conditions. The model requires only three fuel specific parameters — reaction order,
apparent pre-exponential factor and activation energy — and can be incorporated as a sub-model

for CFD modeling of char-C oxidation.

The results show that for a large number of bituminous coal chars both the apparent reaction
order and the apparent activation energy can be assumed to be constant under conditions limited
by the combined effects of chemical kinetics and pore diffusion. Thus, only one parameter, the
pre-exponential factor, is required to predict char oxidation profiles. Based on this a new CFD
applicable sub-model was developed. CFD modeling can be used to design new combustion
systems. By using the new one-parameter model, the CFD modeling is significantly simplified

since fewer fuel specific parameters are required.

The thesis show that under similar temperatures, oxygen concentrations and particle sizes, the
apparent reaction orders for bituminous coal chars and anthracite chars differ; apparent reaction
orders for bituminous coal chars were determined to be one while apparent reaction orders for
anthracite chars were determined to be zero. This deviation in reaction orders has not previously
been observed in the literature and should be considered in future char oxidation models. One of
the most frequently used comprehensive char oxidation models could not explain the deviation in
the reaction orders. In the thesis a modification to the model was suggested in order to explain the

difference in reaction orders between anthracite chars and bituminous coal chars.

Two models were developed for the initial formation and reduction of NO during the oxidation of
single biomass char particles. In both models that char-N is assumed to be oxidized to NO and
the NO is partly reduced inside the particle. One of the models is based on the governing
equations of NO inside and outside the particle and the second model is simplified to such extent

that it is based on apparent kinetics and can be incorporated as a sub-model into a CFD code.
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Modeled NO release rates from both models were in good agreement with experimental

measurements from a single particle reactor.

6.2 Implications and future work

The developed char-C and char-N oxidation models of this thesis can be used to improve the
combustion performance in various combustion devices or to develop completely new
technologies. The CFD-applicable NO release model is the first of its kind and can be used to

reduce NO emissions from combustion systems.

In this study it was shown that char-C oxidation rates with oxygen could be modeled with a
constant activation energy and reaction order for bituminous coal chars. Moreover it was shown
that reaction orders of anthracite chars and bituminous coal chars with respect to oxygen differ.
Corresponding analyses should be performed for char oxidation by CO, and H,O since these
reactions plays an important role in many combustion systems. Moreover, CFD-applicable sub-

models for the char oxidation by CO, and H,O should be developed.

Future work should be done to test whether char-C oxidation models can be used to model late

conversion stages without significantly increasing the number of parameters.

In this study, char-C oxidation tests were performed in an isothermal plug flow reactor. Similar
comparative char-C oxidation studies should be performed using other experimental equipment

such as in laminar flame reactors or laminar drop tube reactors.

The new NO release modeled developed in this thesis should be validated against experimental
data in various kinds of laboratory scale combustion units. Finally, single particle char-C and
char-N oxidation models should be incorporated into CFD codes, and validated against measured

data from full scale combustion systems.
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List of variables and parameters

List of variables and parameters

A

a

A,

i

70

Pre-exponential factor

Intrinsic pre-exponential factor
Concentration in ppm or vol.%
Molar concentration (mol/m’)
Diameter (m)

Diffusion coefficient (m?*/s)
Diffusion rate coefficient (kg/mzsPa)

Activation energy (J/mol)
Fraction of heat particle adsorbs
Objective function

Mean objective function

Constant for diffusion rate equation
(kg/msPaK" ")

Convective heat transfer coefficient
(Nu/k-d)

Reaction enthalpy (J/kg)

Confidence interval
Kinetic rate constant
Thermal conductivity (W/mK)

Mass transfer coefficient (m/s)

Kinetic rate constant

Sc

Sh

Mass (kg)

True reaction order
Mass flow (kg/s)

Molar mass (kg/mol)
Apparent reaction order
Size of population
Molar flow (mol/s)
Number of fuels
Pressure (Pa)

radius (m)

Universal gas constant (8.31 J/molK)
Reynolds number

Standard deviation

External surface area (m”)
Schmidt number
Sherwood number

Time (s)

t-quintile

Temperaure (K)

Thiele modulus

Slip velocity (m/s)

Fractional degree of burnout



List of variables and parameters

1% Kinematic viscosity (m?/s)

14 Volume flow (m*/s)

X Molar fraction

x Mean value of population

Y Mass fraction

z Fractional conversion of char-N to
NO

o Burning mode

14 Reaction order

o Boundary layer thickness (m)

& Emissivity

4 Constant

Yol Density (kg/m’)

o Stefan-Boltzmann constant (5.67'10'8
Wm2K™*)

Subscripts

rad

Apparent

Char particle
Experimental
Formation

Intrinsic

NO and O,

Number of experiments
Number test conditions
Number of fuels
Reduction

External surface

Gas phase

Raditation

Initial
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