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Abstract

Biomass devolatilization and incineration in grate fired plants are characterized
by heterogeneous fuel mixtures, often incompletely mixed, dynamical processes in the
fuel bed and on particle scale, as well as heterogeneous and homogeneous chemistry.
This makes modelling using detailed kinetics favorable, but computationally expensive.
Therefore a computational efficient model based on zero-dimensional stochastic reactors
and reduced chemistry schemes, consisting of 83 gas phase species and 18 species for
surface reactions, is developed. Each reactor is enabled to account for the three phases;
the solid phase, pore gas surrounding the solid and bulk gas. The stochastic reactors
are connected to build a reactor network that represents the fuel bed in grate fired
furnaces. The use of stochastic reactors allows to account for incompletely mixed fuel
feeds and distributions of local temperature, local equivalence ratio within each reactor

and the fuel bed. This allows to predict the released gases and emission precursors
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more accurately than if a homogeneous reactor network approach was employed. The
model approach is demonstrated by predicting pyrolysis conditions and two fuel beds of
grate fired plants from literature. The developed approach can predict global operating
parameters such as the fuel bed length and species release to the freeboard as well as
species distributions within the fuel bed to a high degree of accuracy when compared

to experiments.
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Introduction

The combustion of biomass has the potential to offer the generation of renewable energy and
heat supply from local available resources. The burned biomass is often waste material from
wood, forest and food industry and utilised locally for in-house energy supply. These fuels can
vary in size, composition and water content. Moving grate firing systems are widely applied
to burn biomass since they have a simple construction and process control. In addition,
they offer the needed flexibility towards the varying fuel and have low investment costs.t
However, the drawback of this diverse use of the technology, is unoptimized incineration
that leads to unwanted levels of emissions such as dust and nitrogen oxides (NO,) as well as
incomplete combustion products, such as carbon monoxide (CO), unburned hydrocarbons
(HC) and poly-cyclic aromatic hydrocarbons (PAHs) that can grow to soot particles.*?

In order to optimize the combustion chamber design and operating modes, so to reduce
primary emission formation as well as maximise the efficiency, the physical and chemical
processes in the fuel bed on the grate needs to be better controlled. Insights can been gained
by experimental studies both on lab scale®® and in industrial plants,%" as well as by the use
of numerical simulations.®*3

In numerical simulations, the incineration of solid particles, within a multi-phase frame-
work including heterogeneous and gas phase chemistry and different scales in time and space,
poses challenges regarding the mathematical description of the problem. At the largest scale,
the single particles and the interstitial gas phase involving turbulent flow and particle-particle
interactions have still to be accounted for. At the single-particle level, heterogeneous reac-
tions between the particle surface and the surrounding gas phase occur, and those reactions
have to be described as functions of the varying fuel, composition of the released gases and
local thermodynamic conditions. To resolve the chemical progress, ideally heat transfer be-
tween the particles, radiation from the freeboard, and mass transport of oxidizers towards
the particle and product gases away from it, have to be depicted. At the molecular level,

primary pyrolysis reactions and secondary tar and char cracking reactions should also be



considered. This multi-scale problem becomes exceptionally challenging when describing

grate furnace devices of large dimensions with a high number of solid particles.

The chemical processes involved can be described by more or less detailed reaction
schemes. Those schemes incorporate sub-processes such as the biomass devolatilization,
which describes the biomass degradation into permanent gases, tars and char; the heteroge-
neous reactions on the solid surface between solid and gas phase; the secondary gas phase
reactions of char and tar;** the oxidation of the released gases in the freeboard combustion
and emission pathways. Examples for such schemes have been reported in previous stud-
ies. M0 Advantages of the most detailed schemes are outlined as follows.™® (1) Any biomass
can be modeled by a set of representative components based on either measured H:C:O-ratio
or literature data. In previous studies biomass was e.g. represented by cellulose (CELL),
hemicellulose (HCE) and lignin (LIG)**189 and extended by hydrophobic and hydrophilic
extractives to enlarge the represented H:C:0-space.?"' (2) For each of those components
decomposition path ways are described using a set of semi-detailed reactions rather than
assumed global steps.t® Such semi-detailed schemes predict correctly the mass loss evolu-
tion"® to conserve mass in the chemical integration step during modelling. (3) Released gases
are described by a detailed reaction scheme with contributions from different species classes
which are: permanent gases, carbonyls, alcohols, monomeric phenolics, sugars, heterocyclics
and water vapour. The gas reactions are described with detailed pathways without the in-
troduction of lumped species or further assumptions.™® (4) Char formation and conversion
can further be described using heterogeneous reactions with the surrounding gas phase.’®
(5) The species pool and emission precursors that are needed to predict combustion and

emissions in the freeboard of grated fired plants are finally incorporated.

Computational fluid dynamic (CFD) simulations offer the most comprehensive descrip-

tion of the the physical processes of particle decomposition, such as particle-particle inter-



actions or shrinking and the turbulent gas flow. Yet, the solid fuel bed and overbed gas
(freeboard) combustion are often decoupled due to the high computational cost.?? In lit-
erature, mainly three different ways to model the solid fuel bed have been proposed. The
first model approach describes the fuel bed as a continuous porous medium, as applied e.g.
by Collazo et al.?¥ and Peters at al.“* The second model approach is based on empirical
correlations. Temperatures and species can be estimated using experimental databases or
conversion rates.?>2” Both of these model groups are computationally cheap and can be
combined with freeboard models, but are not suitable for sensitivity analysis of fuel bed
characteristics.”? This sensitivity can only be provided by detailed models, in which usually
the fuel bed and the freeboard are treated separately to limit computational cost. Detailed
models can predict particle sizes, moisture content, solid particle density, effective thermal
conductivity, specific heating value, primary air flow rate as well as the rate of heat and

28H31

mass transfer.?? They vary in their particle treatment; single particle models, continu-

32534 o1 particle resolved models.®*3” Those complex physical models often

ous media models
use single Arrhenius type approximations for chemical reactions. The applied kinetic rates
are applicable specially for the given type of biomass. Hence, lumped species, together with
global step or skeletal gas phase reaction mechanisms, are typically used.“® When employing
detailed surrogate formulations and reaction mechanisms with more than 20 species, the

computational cost for CFD simulations can therefore become unreasonably high for engi-

neering and optimization purposes.

Reduced order modelling can overcome the computational cost limitations while using
detailed chemistry and including the treatment of the particles and other physical processes.
A common approach in chemical process engineering is the use reactor network models, also
called compartmental models.”® Those models build on the assumption that the combination
of ideal zero-dimensional (0D) and one-dimensional (1D) reactors can represent a nonideal

reactor.”? The equivalent reactor network (ERN) model*?#4 is nowadays widely used and



has been proven to be able to predict multi-phase flows including pyrolysis and gasifica-
tion processes in spouted bed gasifiers,*® opposed multiburner gasifiers,*® fluidized catalytic
cracking units*® and for emission prediction of gas/oil-fired furnaces.“® To create such ERN
models, the computational domain is dived into smaller zones based on the hydrodynamics
of the multi-phase flow. Each of those zones are then represented by a suitable ideal reactor
in steady state operation.® Originally, ERN models were applied for highly turbulent flows,
which are not suitable for simulating a fixed bed with a low turbulence air flow crossing.
Therefore, models have been proposed that consider the geometry and height of the fuel bed.
In these approaches several reactors are stacked on top of each other to represent a certain
slice of the fuel bed, and several of those slices are placed in a row to represent the grate
length. This concept has been used to predict waste decomposition in a 1D experimental
bed reactor?® and for biomass conversion in grate fired plants.***4% Those approaches as-
sume that horizontal temperature and species gradients are small enough to be neglected
and that gas phase and solid are distributed homogeneously within the reactors. However,
for optimization of plant efficiency and for emission prediction, even reduced order models
should account for the fuel beds transient behavior and the temperature distribution within
the fuel bed. 104842

Different to ideal reactors, stochastic reactor models (SRM)?"4 solves for the joint prob-
ability density function of species mass fraction and temperature within the reactor. There-
fore, SRM offers the treatment of inhomogenity in temperature and species distribution.
The use of stochastic reactors is beneficial over homogeneous reactors when reactors have
multiple inlets with different compositions or incomplete mixed inlets. Within SRM, inho-
mogeneity evolves due to stochastic mixing and stochastic treatment of the heat transfer.
For solid fuel conversion, such a stochastic reactor concept was introduced and developed

for pyrolysis and gasification processes in a drop tube reactor by Weber et a.”* within the

commercial LOGEsoft software suite®® using a simplified plug flow reactor type approach.



To the authors knowledge, this is the first time a network approach using stochastic
reactors to describe solid fuel incineration has been demonstrated. This approach combines
the benefit of reduced order modelling; detailed chemistry that includes complex emission
and precursors formation, as well as accounting for inhomogenity of the fuel streams. This
gives consideration for incomplete mixing in the fuel bed, such as channel formation or hot
spots without the explicit description of those phenomena. The model is targeted to predict
the gas phase distribution released by the fuel bed, which can be used as input for CFD
simulations, or be connected to stochastic reactors representing the freeboard of a biomass
incineration plant to predict emissions.

The paper is organized as follows: after the introduction of the model concept, its ap-
plicability is demonstrated using three different test cases. In Case 1, the model approach
and a reduced chemistry are validated under pyrolysis conditions towards speciation. Case
27 predicts the gas release from the bed of a biomass incineration plant with traveling grate
that is ignited via radiation from the top of the fuel bed. In a second step, the released gases
are used as input for CFD simulations of different loads. Case 3°% represents a challenging
case of wet biomass incineration with more than 50% water content in the solid. It is vali-
dated against species and temperature measurements within the bed. In this case, the fuel
bed is operated in another combustion mode than Case 2, namely that it is ignited close to

the grate surface and has an upwards moving reaction front together with the air flow. 2420

The Fuel Bed Model

The Stochastic Reactor Model for Solid Fuel Conversion

In this work, a reactor network was built using the SRM for solid fuel conversion® with
LOGEresearch 1.10.%3
The SRM is built on the PDF approach for reactive flows and the partially stirred re-

actor assumption.?™® The reactor mass is discretized into virtual packages that are called



stochastic particles. The virtual packages represent a discrete realization of the joint PDF
of species and enthalpy. The mixing of the particles and the chemistry integration in each
particle governs the evolution of the PDF and hence the combustion processes. This allows
to account for inhomogenity in species and temperature field, while a stochastic particle itself
is assumed to be homogeneous, so that chemistry can be solved without further assumptions.
Due to the reduced spatial order (0D) of a stochastic reactor, the flow field is not solved and

stochastic particles have no spatial position or motion, hence transport equations are only

solved for the joint PDF Fg:23%1

0 0

EFq,(w,t) + a—%

(B — Falw,0)] = PoFa(1)

[Qi(v) Fo (1), )] (1)

where @ is a vector of random variables (®q,....9g,1, where S is the number of chemical
species), 1) is its realization in their sample space 11, ....¢bs. 1 and Q;(¢)) are source terms due
to chemical reactions and heat transfer. The term including the residence time 7 accounts
for mass in- and outflow of the reactor. The term P, on the right hand side describes the
mixing of the particles and must be closed by means of a mixing model. In this work, the

Curl mixing model is applied:®

PyFa(t,1) = Z20m 2)

Trmix

/ Fa(t) — Ap, 1) Fa (6 + A, £)d(Ap) — Fy(16,1)
P

The mixing model includes the scalar mixing time 7,,;, and two model constants, which
are set to 8, = 1 and C,, = 2.0
There are two key parameters important for the SRM. (1) The mixing time, scalar, is

a measure of how often the stochastic particles are mixed with each other within a time



step, and determines the homogeneity of the reactor. The smaller the mixing time, the more
mixing events per time unit are performed, and the closer the stochastic reactor converges to
a homogeneous reactor. (2) The number of stochastic particles is a measure of discretization.
As for temporal or spacial discretization in CFD simulations, a very fine discretization, i.e.
infinite number of particles, is ideal, while a too low number results in discretization errors.

In the SRM for solid fuel conversion, each stochastic particle contains three phases: the
solid phase, pore gas surrounding the solid and bulk gas. Each of these phases have their own
chemical composition and are assumed to be distributed homogeneously within a stochastic
particle. For the full set of equations for species composition and temperature prediction
the reader is referred to earlier studies.??3 For readability of this paper, some sub-models
and assumptions are discussed in the following. The fuel conversion is calculated based on
detailed chemistry schemes for heterogeneous reactions as well as oxidation of the released
tar and gases. The chemistry integration is embedded in the operator splitting loop to solve

the joint PDF (equation [1) in the following sequence:®*

1. Inflow of mass

2. Mixing of the stochastic particles gas phase

3. Heterogeneous reactions and transport

4. Gas phase chemistry integration and radiation
5. Stochastic heat transfer

6. Outflow of mass

Note that only the gas phase of the stochastic particles are mixed, while solids and their sur-

rounding bulk gases remain in their primary particle. The gas phase chemistry is solved as

53061 53062

described in previous works and the heterogeneous reactions are discussed elsewhere.
In the operator splitting loop, two processes are based on random seed generation: the selec-

tion of stochastic particles for mixing and the heat transfer with the wall. Both contribute to

10



keeping the inhomogeneity of an incomplete mixed inflow, but increase also inhomogenity by
generating an inhomogeneous temperature field that leads to a different progress of reactions

in each particle, that again gets mixed.

The solid particles are characterized by their porosity € and representative diameter d,,.
The mass of solids my is consumed by heterogeneous reactions. Therefore, the source terms

from chemistry of each solid species w; s are used to calculate reduction in solid mass: 23

dms
‘/s ,tot Z wz s (3)

where Vo is the total volume of all solid particles in one stochastic particle. Based on
the reduction of solid mass, the representative solid particle diameter is calculated using the

solid density p, and the number of solid particles n, in each stochastic particle:??

(4)

dd, [ 6 N\’ m*dm,
dt — \mpsns 3 dt

The solid particle’s porosity is updated using the chemical species source terms and a user-

defined parameter for density evolution (3:°*

de ~ (1-¢€)(1-5)
E - szs (5)

From these properties, the surface available for heterogeneous reactions and the solid con-
centration within the stochastic particle are calculated. The heterogeneous reactions occur
between the solid phase and the pore gas. A local thermal equilibrium between the two
phases is assumed. Gases are released into the pore gas and are then transported from pore
to bulk gas. The model approach is schematically shown in Figure [l Mass and heat trans-
port coefficients are calculated using the Nusselt Nu and Sherwood Sh numbers, which are

based on the particle’s Reynolds number Re,, the Prandtl number Pr and Schmidt numbers
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Scg of the species S:°3

Nu, = 1.32Re,/*Pr'/?, (6)
Shs = 1.32Re}/*Scy”, (7)
Re, — p’u—‘d (8)

g9
pr= 24t (9)
Ses = pfgs. (10)

In the reactor network, the term accounting for wall temperature (boundary temperature)
is used to calculate the radiation from the freeboard onto the bed; or in case the bed is ignited
from the bottom, to initialize a heat source to start reactions. Radiation from the reactor

walls towards the solid particles is calculated by®?

Graa = 050 (Ty — T,,) (11)

where o is the Stefan-Boltzmann constant, ¢, and ¢,, are the emissivity of the solid particle

and the wall, and 7 and 7T, the solid and wall temperature, respectively.

The Reactor Network Approach

For the reactor network, stochastic reactors are connected and mass flows with their respec-
tive species composition and temperatures are transferred between the reactors. The fuel
transport over the grate and the mixing rate are input parameters. Therefore, the residence
time and mixing intensity can be varied to account for different fuel bed types, such as fixed
bed reactors, fixed grate, moving grate or rotary furnaces.

In the reactor network, every reactor can have as many inlet and outlet streams as wanted.

However, here each reactor has maximum three in- and two out-flowing streams due to the

12
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Figure 1: Schematic of the model.

1D and 2D setups chosen in this work. This setup choice is discussed later in section "Test
cases". Between the reactors mass is exchanged in flow direction. This mass flow rate
is predefined according to the given boundary conditions and includes the composition of
solid, pore and bulk gas as well as the temperatures of all three phases. In case the reactor
is connected to a gas outlet (top of the bed), only the bulk gas is transferred. In this work,
the mass flow rate between the reactors is determined a priori and updated. The mass flow
rate prediction based on the reactor outlet will be automated and addressed in future work.

Initially the solid and gas phases are defined separately and fed to an inlet reactor. The
purpose of this inlet reactor is to mix the gas and solid phase and to create stochastic par-
ticles that are needed to feed the reactors in the network. For the mass transfer, at each
time step, stochastic particles are chosen randomly and transferred to the next reactor and
used to create a new stochastic particle until the mass of the transferred particle is con-
sumed. In case a particle is not consumed completely, it is "remembered" and passed on to
be transferred in the next time step. In this way, the inhomogenity created by stochastic

mixing and heat transfer in the reactor is kept, as transferring the mean species composition
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and temperatures would lead to an averaging and homogenization. The mass transfer to the
next reactor produces new particles at each time step, so that the average particle number
at the the end of the simulation is about 100 stochastic particles per reactor. 50 to 100
particles per reactor have been shown to mimic the distribution of physical quantities within
gasification processes® and to reproduce good results for gas phase species and tempera-
ture in a reactor network compared to CFD simulations.®¥ In this work, using 100 particles
the results are found to be converged; a smaller number of particles lead to discretization
errors, faster homogenization and a homogeneous reactor like behavior, a larger number of
particles to a significant increase of simulation time without gain in accuracy of the results.
The mixing time is set for all reactors and cases to 1 s. This results in one mixing realiza-
tion per operator splitting loop and leads to low mixing, accounting for the low turbulent
flow through the waste bed. For comparison, highly turbulent flows such as in an entrained

flow gasifiers or internal combustion engine are in the order of magnitude of 0.001 to 0.05 s.?

The chemical model

The detailed reaction mechanism by Ranzi et al.*® is used to predict the kinetics of biomass
pyrolysis and devolatilization reactions, char reactivity, secondary gas-phase reactions and
tar conversion. The scheme includes cellulose (CELL), hemicellulose (HCE) and lignin
species with different H:C:O-ratios (LIGo =Ci5H140y4, LIG g =CasHog0g, LIGo=Cs0H22019
with the indices indicating the dominant molecule) as surrogate components to represent
woody biomass. Additionally, the ash and moisture content can be specified. The surrogate
is defined based on the H:C:O-ratio of an ultimate composition analysis (UCA) using a mix-
ing triangle in the C-H space of mixtures of CELL/HCE, LIG¢/LIGy and LIG¢/LIG. 104
In this work, this methodology is adopted, but under the assumption that the hydrogen (H)
fraction needs to be as close as possible to the experimental analysis to respect the lower

heating value and hydrogen release. Therefore, the surrogate is optimized to match the hy-
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drogen content of the UCA. Both the ash and water content are set to match the proximate
composition analysis given in the references. ™44 All applied surrogates are listed in Table
[1 In the devolatilization model, beside the surrogate species and their intermediate active
species, also some species trapped in the solid matrix or the condensed phase (metaplastics,
G{CO}, G{CO,}, G{COH,}) are included.’ Char conversion and drying are accounted for
by Arrhenius type expressions given in Table 2 The high-molecular-weight species released
to the gas phase are representative species. Cellulose releases levoglucosan (CgH;pO5) and
hydroxyl-acetaldehyde (CoH4O2). Hemicellulose releases xylan (CsHgOy). Lignin species re-
lease phenol (CgH50H) and phenoxy species, here represented by CoH;9Oz, and Cy3Hyp04.10
Their breakup and the decomposition to other smaller released gases (e.g. methane (CHy),
ethane (CyHy)) are described by detailed gas phase reactions. In total, the mechanism in-
cludes 18 species and 23 reactions for the solid and heterogeneous reaction description, and
130 species and 3093 reactions for the gas phase. For more details on the kinetic scheme the
TSIT6/65

reader is referred to other studies.

Table 1: UCA of the wood pellets from, ™44 H:C:O ratio and composition of the surrogate.
All data in (wt%).

Case 1 Case 1 Case 2 Case 3
Softwood Hardwood

UCA experiments

C 48.6 49.5 48.8 53.5
H 6.0 6.0 6.9 5.9
0] 43.0 44.3 43.5 40.6
HCO ratio surrogate
C 52.1 53.3 52.4 57.3
H 6.2 6.2 6.2 6.3
0] 41.7 40.5 414 36.5
Surrogate composition
CELL 42.3 40.5 42.1 13.7
HCE 28.2 27.0 28.1 9.2
LIG¢ 4.0 5.1 4.3 4.8
LIGy 16.1 20.5 17.1 19.0
LIGo 0.0 0.0 0.0 0.0
Water 7.2 6.4 8.3 52.9
Ash 2.1 0.4 0.1 0.4

In this work, the gas phase mechanism is subsequently reduced using the necessity analysis
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Table 2: Trapped species (A), char conversion model (B) and drying (C) according to Ranzi
et al.to

Type Reaction Pre-exponential factor A Activation energy E,
1/s KJ/mole
(A) G{CO3} — COq 1.00E+-05 100.4
(A) G{CO} —» CO 1.00E+13 209.2
(A) G{COH;,} — CO+H, 5.00E+11 272.0
(A) G{Hz} — Hy 1.00E+10 188.3
(B) Char+02 — COq 5.70E+15 159.8
(B) Char+H>0 — CO+Hs 7.90E+15 217.6
(B) 2 Char+0, — 2CO 2.85E+17 230.1
(C) H>0O(S) — H,0 1.00E+13 168.5

and mechanism reduction tools within LOGEresearch v1.10.%% Within the reduction process
the speciation of the high-molecular-weight released species and ignition delay time (IDT)
of single species as well of typical mixtures are controlled, as suggested in a previous work.®®
The reduction results in a gas phase model with 83 species and 1458 reactions. Any further
reduction leads to significant changes in the speciation prediction of the larger molecules.
This effect is also discussed in a previous study.®” The reduced reaction scheme and its

validation is given in the supplementary materials.

Test cases

Three test cases are chosen for the validation of the fuel bed model. The case setups are
illustrated in Figure [2] while operating specifications and the solid fuel surrogate composi-

tions are summarized in Table [3| and Table [1| respectively.

The first test case is targeted to validate the pyrolysis prediction approach and specia-
tion under pyrolysis conditions. Dupont et al.** report experimental data obtained using a
lab-scale entrained flow reactor operating at 1073 K and 1273 K. Nitrogen is fed with a flow
rate of 16 1/min resulting in laminar flow conditions. Two types of wood pellets with various

particle sizes have been investigated: a softwood mixture with a flow rate of 1 g/min and
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Figure 2: Reactor network for the different test cases.

a hardwood mixture with 0.5 g/min. The fuel specification as reported by Dupont et al.14
and the corresponding surrogate used in this work are given in Table[I The reactor is 1.0 m
long with an inner diameter of 7.5 mm. The reactor network is discretized into 10 reactors.
The EFR is iso-thermal between 0.30 and 0.95 m which is respected in the simulation by

setting adiabatic temperature conditions. Nitrogen and fuel are fed in a co-flow configuration

(Figure |2).

Table 3: Overview of the test cases and their model setups.

Case 1 Case 2 Case 3
Reference  Dupont et al™  Ahn and Jang™ Razmjoo et al.B4
Type EFR Traveling grate  Traveling grate
Gas phase N air air
Flow co-flow cross-flow cross-flow
Ignition - from top from grate

The second test case is a 16 step grate-fired wood pellet boiler. The prototype by Ahn

17



and Jang” is targeted to yield a combustion load of 230 kW at a fuel feed rate of 50 kg/h
and an air supply of 547 Nm?3/h. The air is supplied from the bottom of the grates and is
assumed to be evenly distributed over the fuel bed.The grate is 2 m long and 0.9 m wide.
The computational domain of the combustion chamber is 2.5 m long (2 m grate and 0.5 m
ash trap), 0.9 m wide and 1.6 m high at its maximum. The authors provided temperature
measurements above the fuel bed for different loads, emissions in the flue gas, and performed
also CFD simulations. In this work, the combustion loads of this prototype at 60%, 100% and
120% are reproduced by discretizing the 16 grates into 16 reactors in a row with alternating
110 mm and 140 mm length. Hereby, the intended turnover of the fuel at the grate steps can
be represented by the mixing within the reactors. Air is fed to each reactor from the side and
extracted at the top, while the fuel is feed to the first reactor and its product extracted at the
last. The temperatures measured in the experiment are imposed as boundary conditions for
the radiation onto the fuel bed. The predicted gas phase composition is in a second step used
as boundary conditions of 2D CFD simulations using OpenFoam version 7.°® The standard
k- turbulence model,*” the Eddy Dissipation Concept (EDC) in the version of Magnussen™
together with the tabulation of dynamic adaptive chemistry (TDAC) model™ and the P1
radiation model are applied. In the CFD, the reduced chemistry scheme by Li et al.®” is
used thanks to its small size of 32 species and 255 reactions and hence an affordable CPU
time for large scale simulations is achieved. The size of the freeboard is adopted from the
work of Ahn and Jang.” The CFD domain is discretized into a regular mesh with 30 000 cells
each about 1 mm x 1 mm. The air is assumed to be equally distributed over the grate bars
as indicated for the experiments,” which results in a velocity boundary condition of 0.725
m/s at full load conditions in 2D simulation. The boundary condition for turbulent kinetic
energy is set to k=0.001 m?/s* and its dissipation to € = 0.1 m?/s3, in order to account for

the low turbulence flow through the grate and fuel bed.”

The highlights of the third test case are the species and temperature measurements within
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the fuel bed. Razmjoo et al.”

report vertical temperature profiles and species profiles (Oq,
CO, COq, CHy4 and NO) for the first grates. Measurements were taken in a 4 MW biomass-
fired reciprocating grate boiler in which woody residues of a sawmill with a moisture level of
53% mass percent are converted. The grate is 5 m long and 1 m wide. The 5 m length are
dived in a ramp of 0.6 m, followed by 11 grate bars with a length of 0.4 m each. Razmjoo
et al.” report that the fuel bed is kept thick by purpose so that a high pressure drop leads
to a more uniform flow which protects the grate during operation. As a consequence, the
fuel bed is about 1 m at the upper part of the grate. Due to the thickness of the bed, the
combustion of the biomass starts at the bottom of the fuel layer just on top of the grate,
which has temperatures up to 1300 K.?* To resolve also the vertical measurement, the bed is
discretized into a matrix of 11 reactors along the grate. Further, to resolve the measurement
locations over the fuel bed, reactors are stacked on top of each other. The dimensions are
given in Figure 2] After the third grate the bed is assumed to collapse due to mass loss
at the bottom of the bed and later also from the top. This is modelled as mass flow from
the second row to the first and so on (diagonal arrows in Figure [2). The temperatures from
the measurement at the grate are initialized as boundary conditions for the bottom layer to
ignite the released gases, and for the top layer as a distribution analog to Case 2 representing

the radiation from the freeboard.

Results and Discussion

Case 1

Figure 3| shows the validation of the reactor network and the reduced chemistry under py-
rolysis conditions for softwood particles at two temperatures (1073 K and 1273 K). Other
conditions such as particle size and composition, as well as air and fuel feed rates are the
same in both experiments. Dupont et al.** highlight the trend in CoH, and CyH,y. At 1073

K, about three times more CoH, than CyHs is formed, while at 1273 K, more CoHy than
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CoHy is formed, and the concentrations at reactor outlet are closer. The detailed chemical
scheme (not shown) predicts first an increase in CoHy and towards the end of the reactor a
decrease.11° The reactor network and reduced chemistry model can replicate this behavior.

This is not directly seen in the experiments, but the predicted values are still close.
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Figure 3: Predicted gas release of softwood particles with a diameter of 0.45 mm at 1073 K
and 1273 K. Experiments from Dupont et al.t4.
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Figure 4: Predicted mole fraction CO as function of initial hardwood particles diameters at
1223 K. Experiments from Dupont et al.t#.

The predicted and measured CO molar fractions for hardwood particles with different
sizes are shown in Figure[dl The particles’ consumption is predicted faster within the reactor
network than in the experiment. However, the absolute level and the trend in mole fractions
of CO as function of the particle diameter are well reproduced at the reactor outlet.

The comparison to the experiments shows that using the reactor network and the reduced
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chemistry scheme, speciation measurements under the tested pyrolysis conditions can be

reproduced well and key pathways are maintained.

Case 2

In the following, the results of the fuel bed reactor network and the subsequent CFD sim-
ulations using the predicted released gas composition from the network as inlet conditions

are discussed for different loads.

0.5
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(a) Solid phase 100% load

.
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o
o
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(b) Gas phase 100% load

Figure 5: Prediction of the compositions of solid and gas phase at 100% load conditions.

Figure shows the predicted composition of the solid phase over the reactor length
at 100% load. While the biomass is decomposed over the first grates, char is first formed
and then burned, so that at grate 13 (1.75 m) only ashes remain. Ahn and Jang® stated
that in the experiment almost no ash was found at the last three grate bars. By taking

also the temperature measurement into account, they concluded that the combustion at
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Figure 6: Prediction of gas and solid phase temperatures at 100% load conditions. Experi-
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100% load was completed at grate 12. The predicted solid composition goes well together
with these observations since all combustible solid species are consumed and no more gases
are released at the same grate (Figure . The compositions of the solid and gas phase
cannot be validated against experimental data as only temperature was measured, however
the prediction is in line with literature: the lignin species known as the most durable parts
of biomass with pyrolysis temperatures of 500 K to 770 K, remains longer than cellulose
and hemicellulose.™ Note that the figure shows the composition of the solid phase and not
the absolute mass. In addition, different to the experiment, ash is not removed from the
reactors, but carried with the solid mass flow. CO, CO5 and small hydrocarbons are released
over the whole fuel bed until grate 12, while tar species are released over the first grates only.
The temperature prediction of the released gases by the bed model and the temperatures of

the freeboard modelled in CFD are shown in Figure . The wall temperature included in
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the figure shows how the measurement is used as input for the freeboard radiation onto the
fuel bed. The temperature of the released gases in the first part (during tar release) is lower
than the temperatures in the freeboard. Moving downwards the grate both temperature
converge. Comparing the gas phase temperature prediction from the reactor network to the
CFD temperature field as shown in Figure [I1] this appears very plausible since the highest
gas temperatures occurs during the oxidation in the freeboard and not directly above the fuel
bed. A transition in the fuel bed is indicated by the drop in char concentration and released
gases, as well as the convergence of the temperatures towards the outlet in Figure At
this point, most of the biomass is converted, char is no longer formed, but consumed over
the reaming length of the grate.

In the following the fuel conversion is further analyzed and shown using only three repre-
sentative grates that capture the devolatilization with maximum tar release at grate 2, the
conditions at peak temperature and peak CO, release at grate 4, and the late burn out of

the fuel at grate 10.
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Figure 8: Released hydrocarbons (by mass) at the outlet to the freeboard at grate 2, grate 4
and grate 10. Hydrocarbons that have a mass percent >0.02 for one of the grate are selected.

Figure [7] and Figure [§] provide more details of the released gas phase composition. While
Figure [7] shows the total amount of released hydrocarbons rated by their number of C-
atoms, Figure [8 shows the most released hydrocarbons with a minimum concentration of
200 ppm at one of the reactors. At the first grate bar, larger molecules such as tar, Cs
and Cj species are released. The species with the highest concentrations at grate bar 2 are
CeH1905, CoH4O4, CH3COCHj3 and CgHgO3 which are all released by the CELL model. This
agrees with literature, since it is known that cellulose decompose faster and with less residue
than hemicellulose and lignin.™ At grate 2, also the hemicellulose and lignin decomposition
has started, which can be followed up by their early decomposition products e.g. C11H504,
CoH100Os and C5HgO4. While at grate 2 the most released species have minimum two C-
atoms, species with only one C-atom are increasingly released downwards the bed, so that
they form the biggest group. At grate 4, methane CH, has the highest mass concentration

of all released hydrocarbons (Figure . At this grate, the devolatilization of the surrogate
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species is still in progress, but the subsequent oxidation of the released tar is started, e.g.
CgH10O3 is build that is in the decomposition path way of C;1H;50,4, and other species such
as CgHgO4 and C5H4O4 are present. Biomass typically releases small Cy hydrocarbons (CoHy
and CyHg) which are found at grate 4 in their highest concentration. At the end of the fuel
bed, at grate 10 and with further progress in gas phase oxidation of tar species, only CHy
and CyH, are left in small amounts. During the combustion (here at grate 4 and grate 10)
aromatic species and soot precursors are formed (CgHg and CyHy).

Figure [J gives more details about the inhomogenity of the stochastic reactors represent-
ing grate 2, grate 4 and grate 10. Shown are the PDFs in each of the reactors for gas phase
temperature, available oxygen, released tar, CH4; and CO. The PDFs of the gas temperature
show that with increasing length of the fuel bed, the mean temperature is increasing for
the selected reactors. Grate 2 has a wide temperature distribution from 300 K up to 1000
K. The maximum of the PDF is located at 850 K, but the distribution is comparable flat.
Some particles are still relatively cold, while others release gases. At grate 4, the overall
distribution is moved towards hotter temperatures between 450 K and 1200 K, but the flat
structure of the PDF is retained. Stochastic particles represent very different temperature
conditions, which leads to local differences in the devolatilization kinetics, conversion of solid
fuel and released gases. At grate 10, close to the burn out of the solid fuel, the mean tem-
perature is hotter, and more particles are located in the intervals close to the mean value.
The temperature field is more homogeneous compared to the earlier grates. However, still
a few particles and associated gas phases have quite low temperatures. The evolution of
the gas phase temperature PDFs shows that the model approach indeed respects slow and
non-uniform heating of the solid fuel entering the combustion chamber and the formation of

hot and cold spots.
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Figure 9: Probability density functions of the gas temperature and selected species mass

fractions for three grate steps (grate 2, grate 4 and grate 10).

In a grate furnace, towards the fuel bed end, the temperature field is consistently more homo-
geneous since solid particles are smaller, cracked and more uniformly in size and composition,
consisting mainly of char and ashes, and the fuel bed height is lower due to solid mass loss.
In the reactor network model, as a result of mixing due to collapsing, here represented by

merging of reactors, the bed is predicted overall to be more homogeneous. This effect is
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more prominent with increasing bed length.

The distribution of Oy has its maximum for all discussed grates at the composition cor-
responding to pure air. However, there is a number of stochastic particles with a lack of
oxygen supply. For grate 2 and grate 4, a local maximum of very rich conditions is formed.
This distribution can be interpreted to account for blocking of the grate and channel for-
mation. This is due to that blocking of some grates result in very fuel-rich conditions, and
subsequent channel formation to areas in the bed that are well supplied with oxygen. How-
ever, this effect needs further investigations to be verified. Just as the local temperature,
the differences in available oxygen have a dominant impact on the local equivalence ratio
and therefore on the released gases. The resulting distributions of released concentrations of
tar, CHy and CO is evident of this impact. At grate 4, still some of the biomass surrogate
components are present, while char is already formed. The variations in temperatures and
available solid fuel and oxygen results in very flat distributed PDFs for tar species and other
released gases, such as CH, and CO, and consequently to a very heterogeneously composed
gas phase. At grate 2, this spread in gas phase composition is already evolving, but due to
the early combustion progress, the majority of stochastic particles has a high concentration
of tar and a low concentration of CO. The completion of the fuel conversion process is lo-
cated at grate 10. No tar is released here, but the CH, and CO release are characterized by
a wide and flat distribution. Overall, the temperature and species field that is found using
the stochastic reactor network approach can be considered to be a realistic representation of
a fuel bed undergoing thermal conversion and has an advantage over the use of homogeneous

well-stirred reactors towards emissions and emission precursor prediction.

Based on the 100% load case, fuel and air flow rate are adjusted to represent 60% and
120% load and fed to the reactor network. The results of these operating conditions are

presented in Figure [10(a)l The tar release is for all loads comparable. This is due to the

similar measured temperatures and accordingly set boundary conditions over the fist grates.
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Figure 10: Gas phase prediction of the fuel bed model and temperature prediction of the
freeboard using CFD for different loads. Location of the measurement sensors in Figure .
Experiment from Ahn and Jang.”

Note that the composition of the gas phase is shown here, not the amount. However, the
burn out of the char (here indicated by the CO release in Figure moves downwards
the grate length with increasing load. Even though the fuel burn out is delayed for the
high load of 120%, the wood pellets are still completely converted before reaching the end
of the grate. Even though there are no validation data available, both observations indicate
that the prediction align with general design practise of grate fired furnaces. The released
gas composition and the gas phase temperature predicted using the reactor network are
set as boundary conditions for the 2D CFD simulations to predict the temperature field in
the freeboard. Figure and Figure |11 show the freeboard temperature validations and
2D temperature predictions respectively. The location of the main flame and the general

temperature field are both well reproduced compared to the CFD results in Ahn and Jang,”
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as well as the measurements. This demonstrates that the presented approach can indeed

serve for predicting boundary conditions for freeboard CFD simulations.

Case 3

The predicted vertical temperature gradient over the bed height compared to the measure-
ment® are shown in Figure . The shown temperatures are the mean values at the stochastic
reactor outlets. As discussed earlier, the temperatures are assigned to the bottom layer of
the reactors to account for the ignition from the bottom of the fuel bed, and to the top layer
to account for radiation from the freeboard. Both those heat sources can be recognized in
the temperature profiles. The temperatures are somewhat over-predicted in the mid layer

of the fuel bed, but the overall trends are kept well. This overestimation can be an effect
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of the assigned gas mass flow that has to be assumed prior to the simulations. However,
considering the uncertainty of the measurement locations that are estimated to be within
0.15 m of the specified positions,®* the temperature profiles are considered as reasonably well

predicted over the entire fuel bed height.
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Figure 12: Temperature prediction over the fuel bed height. Experimental data from
Razmjoo et al.?*

For the second grate bar species measurements are available at 0.3 m and 0.6 m height.
Comparisons to the measurements are shown in Figure [I3] and Figure [I4 The model pre-
dictions are related to dry measurement conditions. In the model, CO is formed close to
the grate under high temperatures. Its concentration is reduced towards the top of the bed.
At the height of 0.3 m, the concentration of CO is higher than in the gas released to the

freeboard. Some of the CO gets oxidized to COs, but also in the upper region of the bed,
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gases are released due to the temperature increase by radiation, which change the species
ratios in the mixture. The heat supplied by radiation ignites the bed from top at about 2.7
m. This is indicated by the second peak in CO in Figure CHy is produced close to the
grate and in the hotter top layer. In the same region, tar species are released as shown in
Figure [I13] CO and CH, are well predicted over both bed height and length, as shown in
Figure 14 CO, is under predicted for both locations, however its concentration increases
with bed height which is seen to be the trend also in the experiments. The reasons for this
can be a too slow conversion of CO to CO,, or too little released CO, in the chemical model
or as consequence of the formulated surrogate. This will be further investigated together

with the model extensions to account for fuel NO formation in future work.
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Figure 13: Species prediction over the fuel bed height at grate 2. Experimental data from
Razmjoo et al.”

The overall drying and fuel decomposition in the fuel bed can be readily studied as
presented in Figure [15] predicted by the reactor network. As shown in the upper diagram,
drying takes place close to the grate where in the experiment combustion is observed, but
also at the top layer due to the radiation from the freeboard. A wet layer between those
zones remains. With grate length, this mid layer gets pushed towards the bottom of the fuel

bed and heated up by radiation from the top, resulting in that after the seventh grate bar
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(3.5 m) the fuel is fully dried. The biomass is decomposed in a similar way as shown in the
middle diagram. However, at the first grate bar, the fuel is dried only and not yet consumed.
Starting from the reactors in the fourth column, the fuel gets mixed to the layer beneath
(Figure [2). This results in an increase in biomass concentration in the bottom layer and a
decrease in the top layer. From the lower diagram, one can see that char is formed mainly
in the bottom layer of reactors, close to the grate to which high temperature sources are fed.
This goes well with the findings from the experiment,® where the main conversion and the
highest temperatures are found close to the grate. Additionally, some char is formed at the
top layer, starting from reactor 3 (1.9 m), and at this point the radiation from the freeboard
starts a second combustion spot. As discussed for the biomass, the mixing of mass from the

layer above is visible in the char concentration starting from the fourth column. The fuel
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and char is fully consumed at 4.3 m. This is also indicated by the released CO, and CO in

Figure [T4]
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Figure 15: Predicted mean wt% of the solid phase in each of the reactors where HyO, is
the moisture content of the solid fuel, and biomass includes all surrogate species as well
as their early decomposition products species which are not further converted to char or

metaplastics.

Summarizing, the reactor network can predict reasonable temperature and species profiles
under these challenging conditions of wet fuel conversion. Further, the approach gives insight
into the conditions within the fuel bed and of the released gas phase. The capabilities of
the model allow its use in design and optimization tasks. Operating parameters of the fuel
feed, such as mass flow and moisture content, and of the primary air, such as flow rate,
temperature and amount of recirculated flue gas, can be modelled and analyzed to optimize
the burn out of the fuel and to assess the risk of primary emission formation. Hereby,
boundary conditions can be set based on educated guesses and do not necessarily come from
an experiment. Reactor network models are well known to reduce CPU cost of otherwise

costly CFD simulations down to minutes if single reactors are used. The computational
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cost of a reactor network depend strongly and increase with the number of reactors, number
of chemical species, and as in the presented model with the number of stochastic particles
per reactor. In the applied discretization, using a total of 148 species and 3116 reactions,
340 minutes per reactor are needed to find converged results. This is higher than reported
simulation time of other gasification processes using reactor network models, e.g by Du et
al.*” reporting 42 seconds simulation time for a network of 6 reactors, using only 7 species
and 7 reactions for the modelling of air gasification of polyethylene, or by Li et al.*¥ reporting
a simulation time of 15 minutes for a network consisting of 7 reactors and using 7 species and
8 reactions to model an opposed coal multiburner gasifier. However, a direct comparison is
challenging as the chosen model setups vary significantly with the chosen reaction mechanism
size and the employment of homogeneous reactors rather than inhomogeneous. It is found
that a considerable amount of the computational costs are caused by the mass transfer from
one reactor to the other. Future work will address this limitation and a significant reduction

in simulation time is expected.

Conclusion

A reactor network approach for the prediction of biomass conversion in grate fired furnaces
using stochastic reactors is presented. The stochastic particles consist each of solid phase,
pore and bulk gas and are a discrete realization of the joint probability density function of
temperature and species composition. The approach is based on the use of detailed chemistry
schemes, here reduced to a semi-detailed scheme, in order to study the released gases and
emission precursors in detail. The model is tested using a pyrolysis case and two fuel beds in
grate fired plants from literature that vary in complexity of the constructed reactor network
and ignition type.

It has been shown that the developed reactor network can predict species and tempera-

tures profiles over the fuel bed height and along the fuel bed length. Furthermore, the model
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responds well towards load variations on all important physical parameters.

The use of stochastic reactors allow to model a non-uniform heating of the bed and
distribution in primary air supply. Both heating and air distributions have an impact on
the local species release and gas phase chemistry. The capacity to account for such effects
are requirements for the analysis of emission formation that is strongly affected by local
conditions.

Future work will update the solid particle treatment by a model that accounts for temper-
ature gradients within the solid particle. Further, a reaction scheme and surrogate species
that include fuel bonded nitrogen will be incorporated, and the fuel bed model will then
be connected to a reactor network for the prediction of the freeboard combustion, so that
also NO, emissions can be analysed as this is one of the main concerns related to solid fuel

conversion systems.
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e Validation of the reduced reaction mechanism versus the detailed reaction scheme and

experiments
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