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Abstract

The aim of this research is to model the moving grate combustion process by Computational
Fluid Dynamics (CFD) method by OpenFOAM software. Kinetic data for heterogeneous
reactions, specific to local fuel types is essential. Therefore, pyrolysis kinetics of Rubber and
Gliricidia was evaluated by two methods; the sequential approach for Kissinger method and
Miura and Maki approach for Ditributed Activation Energy Model (DAEM). The activation
energy values obtained by the sequential spproach for Kissinger method are 107.9 kJmol™
for Gliricidia and 83.44 kJmol™ for Rubber wood. Obtained activation energy by Miura and
Maki approach for DAEM, varies between 190.57 kimol™ and 230.58 kJmol™ for Gliricidia
and between 111.52 kJmol™ and 179.07 kJmol™ for Rubber wood.

A CFD model was developed which describes the wood combustion in fixed grate type
packed bed furnaces. Linear rate of mass loss observed in batch type simulations can be used
to describe the steady state burning characteristics of a continuously operated furnace which
has a feeding rate equal to burning rate. This mass loss rate was used to evaluate Equivalence
Ratio (ER) variation for different particle sizes of wood. A sensitivity analysis was
conducted to find the effect of moisture content and particle size on ER. It was found that
moisture content of wood has more significant effect on ER than the particle size. The
optimum equivalence ratio was studied based on the maximum outlet gas temperature with
minimum CO fraction for different particle sizes of wood. The optimum ER values obtained
were 0.28 for 25 mm sized particles, 0.13 for 38 mm sized particles and 0.18 for 63 mm

sized particles.

The model was elaborated to simulate wood combustion in moving grate type furnaces. This
heterogeneous model developed within Eulerian framework, includes the grate movement
through boundary conditions, which can solve both bed and free board region

simultaneously.

Keywords: Computational Fluid Dynamics, packed beds, combustion, moving grate furnaces
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Chapter 1

INTRODUCTION

1.1 Introduction

Biomass is an important source of renewable energy. It accounts for the largest share
in the industrial energy usage in Sri Lanka in the form of fuel wood. Tea, brick and
tile are the main industrial consumers of fuel wood. Current rate of fuel wood
consumption, which is 33 kt per day is presumed to make a scarcity in fuel wood in
Sri Lanka in future [1]. Rubber wood is the main variety of fuel wood used by
industries. Rubber wood has experienced an increasing demand as a timber source in
the recent years. Therefore, shifting towards other fuel wood varieties such as
Gliricidia, saw dust and cut-offs from saw mills and timber mills can be observed
[2]. Increasing demand with limited supply has increased the price of fuel wood and
the existing pattern of demand and supply is predicted to create adverse effects on

the environment.

The contribution from fuel wood is mainly used for thermal energy production in
furnaces by combustion. Larger contribution from fuel wood as a renewable energy
source does not itself guarantee efficient and cleaner combustion process. Good
example is tea industry, which is one of the largest consumer of fuel wood, where
average thermal efficiency of a wood furnace is about 50% [3].

Furnaces used in the industrial sector are of packed bed type due to less processing
required and the capability of burning wide variety of fuel wood with different
moisture contents. Many of the furnaces are operated manually. Therefore,
technological interventions are limited in the field of furnace design and operation.

The fuel wood used in these furnaces is mainly in the form of logs (Figure 1.1). A
formal supply method of processed fuel wood has not been observed until recent
past. Sustainable Energy Authority of Sri Lanka has initiated a code of practice on

Sustainable Growing and Harvesting of Fuel wood. Several large-scale pre-



processing and collection centers have been established closer to end user industries
under United Nations Development funds.

Figure 1.1  Packed bed wood burning furnace used in tea industry

With the increasing demand for fuel wood by industries and development of fuel
wood supply as a commercial commodity, there exists a requirement to utilize it in a
sustainable manner. Sustainable usage of fuel wood in thermal applications is
guaranteed by efficient combustion with less pollutant. Good understanding of
packed bed combustion is required to control the parameters which affect the

combustion and to achieve efficient combustion with less pollutant.

Fuel wood which is in the form of wood logs or wood chips is burnt commericially
in packed bed arrangements in boilers or furnaces. A good understanding on the
combustion process assists the control of combustion which directs the way to
achieve better efficiencies with less pollution. Cost and time requirement for
experimental studies of combustion in boilers are high. Changing the independent
variables throughout its full spectrum is not practical and full spatial description of
the dependent parameters cannot be obtained in experiments. Numerical modelling

with Computational Fluid Dynamics (CFD) technique offers an alternative method of



studying relationship between different parameters by providing the details of the

parameters within the entire furnace domain.
1.2 Objectives

Being an economical alternative to fossil fuel, fuel wood usage in the industrial
sector in Sri Lanka has increased. Initiatives were taken to develop the fuel wood as
a commercial energy commodity. With the increasing demand for fuel wood,
associated technology for fuel wood conversion must be developed for sustainable
utilization. Fuel wood in Sri Lanka is mainly combusted in traditional packed bed
furnaces to produce thermal energy. Behaviour of these furnaces is similar to that of
moving grate type furnaces. Therefore, the main objectives of this research are, to
develop a transient two-dimensional mathematical model for combustion of

thermally thick biomass particles under packed bed conditions using CFD approach.
The main objectives are
() Evaluation of pyrolysis kinetics of Gliricidia and Rubber wood types

(ii) Development of numerical model to simulate packed bed combustion of

thermally thick wood particles

(iii) Analysis of optimum Equivalence Ratio (ER) for different sizes of wood

particles

(iv) Development of comprehensive transient mathematical model to solve both gas

phase and solid phase in a single domain.



1.3 Thesis outline

heat,water vapour, gases

Pyrolysis kinetics of rubber
and gliricidia wood

heat + air

Fixed grate  Moving grate
(batch (continuously operated)
operated)

Figure 1.2  Overview of the thesis

Chapter 1 includes a brief introduction on fuel wood usage and industrial
applications of packed bed combustion and the background for the research. The
final objective of this research is to model wood combustion in moving grate
furnaces through CFD approach. In order to achieve this objective, this research was
conducted in three main sections, which are presented in separate chapters as
described below. Review of packed bed combustion and mathematical modelling of

packed bed combustion is presented in Chapter 2.

Kinetic data related to pyrolysis is of vital importance for combustion modelling
studies. Therefore, pyrolysis Kinetic data was evaluated for Rubber and Gliricidia
wood types by Thermo Gravimetric Analysis (TGA) which is described in Chapter 3.



A comprehensive mathematical model was developed to analyse biomass packed bed
combustion and solved by a Computational Fluid Dynamics platform (Chapter 4).
The model includes description of solid phase thermal conversion, gas phase
reactions, effect of turbulence, radiation and bed shrinkage. The packed bed
combustion model was validated and model was used to analyse the variation of
Equivalence Ratio (ER) with different wood particle sizes in packed bed
combustions (Chapter 5). A sensitivity study was carried out to evaluate the effect of
particle size and moisture content on ER. Model was further extended to model
wood combustion in moving grate furnaces. The simulations on moving grate
combustion of wood fuel are included in Chapter 6. Each section of the study, kinetic
study of fuel wood types, packed bed combustion model and ER analysis and
moving grate combustion model includes separate conclusions related to respective

analysis.

Chapter 7 includes overall conclusions of the study and recommendations for future

work.



Chapter 2

CFD MODELLING OF WOOD COMBUSTION IN PACKED BED
FURNACES

2.1 Packed bed combustion

Counter - current Co - current Cross - current
i
flame
flame —_ flame
fuel fuel fuel
~_ ~_ ~_
~ T~ T~
T~ T~ T~

Figure 2.1 Classification of packed bed furnaces according to direction of flame
and direction of fuel movement [4]

Fuel rests on a grate and air is supplied under the grate in packed beds. Packed beds
can be classified into three categories according to the direction of flue gas flow and
fuel movement. In counter-current bed arrangement hot gases pass through the fresh
fuel fed into the bed. It vaporises the moisture in fresh fuel. Pre-heated air is used in
co-current bed arrangement. Fuels that have low moisture content are suitable for this
type of bed arrangements. In cross-current flow arrangement mixture of counter
current and co-current flow conditions can occur. Packed bed combustion is the
simplest combustion arrangement and requires minimum fuel pre-processing. Larger
sized fuel particles can be burnt in packed beds. The particles which are burnt in
packed bed furnaces are mainly in thermally thick (Bi>1) regime. Fuels with
different compositions can be fired in packed beds. Wood is a made up of cells
which mainly contains cellulose, hemicellulose and lignin. In addion to that lower

molecular compounds and ash is contained in wood. Wood is an anisotropic material



and its structure affects the transport mehanisms. Therefore, wood combustion is
complex and highly variable in nature.

In a packed bed, fuel particles exchange heat with the neighbouring particles by
conduction. Flow of gas through the bed carries heat from high temperature zones
which heat the low temperature zones by convection. Turbulence flow characteristics
affect gas phase reactions. Once the bed and the walls of the combustion chamber

reach high temperatures, radiation heat transfer becomes significant.

During thermal conversion, wood particle reduces weight and size. Particles at the
bottom of the bed which reduce their size, allow the particles lying on top to move
downwards. This movement of wood particles affects the heat and mass transfer
process. Irregularity in bed conversion makes the bed porosity to vary within the bed

and makes the bed combustion a highly complex process.

Fuel undergoes drying, pyrolysis and char combustion while it stays on the bed.
Simultaneous and sequential occurrence of these processes causes irregular
conversion of fuel in the packed bed. Volatile gases released by solid phase reactions
are burnt in gas phase. These gas phase reactions inturn generate the heat required for
solid phase reactions. Modelling packed bed combustion process is a complicated
task due to above mentioned phenomenae. Different approaches have been presented
in literature to model above mentioned phenomenae. These models will be discussed

in following sections.
2.2 Drying

It is reported that freshly cut woody biomass has a moisture content of 30% -60%
w/w [5]. Moisture in the wood is in the form of free water or bound water. Liquid
water exists in cell cavities are termed as free water. Water attached to cell walls
through hydrogen bonds is termed as bound water. When the cell-walls are saturated
with water with no free water exists in the cell cavities, moisture content is defined
as the Fibre Saturation Point. Free water evaporates in the initial step of drying and
then the bound water. Water evaporation ceases at equilibrium moisture content

when vapour pressure of water within the wood equals to ambient vapour pressure.



Packed bed combustors have the capability of burning fuels with variety of moisture
contents. Since drying is endothermic, an upper limit exists for the moisture content,
which is mentioned as 60% of the total mass [6], above which the combustion of fuel
can not produce net heat. Different models have been presented in literature to
describe drying: Heat sink model, first order kinetic rate model, equilibrium model
and transport model [7]. These models are discussed below.

2.2.1 Heat sink model

This model assumes that drying occurs at a pre-defined temperature. Drying rate is
controlled by heat transfer. Heat sink drying model assumes drying occurs in an
infinitesimally thin layer. Therefore, this model is suitable for the conditions where
drying front is significantly smaller than the particle size. Heat sink model has been
used to model combustion of thermally thin particles [8] in addition to, thermally
thick particles [9], [10]. This model can predict the drying plateau at the evaporation
temperature. Sand et al [11] used heat sink model to predict drying rate in which he
estimated equilibrium vapour pressure to calculate evaporation temperature for

different moisture contents in pyrolysis of wet wood logs .

2.2.2 First order kinetic rate model

First order kinetic rate model assumes that drying rate depends on moisture content
and temperature of the particle. This model can be easily implemented and shows
numerical stability. Use of kinetic rate model is valid for the experimental conditions
under which, kinetic parameters have been obtained. Peters and Bruch [12] compared
the results of heat sink model and kinetic rate model with experimental results. He
found with the Kkinetic parameters presented by Chan et al. [13], that Kinetic rate
model under predicts drying rate. Peters and Bruch [12] further concluded that
Kinetic rate drying model is unsuitable for larger particles where heat transfer
becomes the rate limiting step. Exceptions can be found in literature where Kinetic
rate evaporation model was used by Lu et al to calculate bound water evaporation

rate in thermally thick wood particles [14] .



2.2.3 Equillibrium drying model

This model calculates drying rate based on the vapour - liquid equilibrium of
moisture. This model is applied to calculate drying rate at low temperatures. Since
the model predictions are based on mass transfer coefficient, it has to be adjusted to
match with data obtained under fast drying conditions. This model was used to
predict free moisture evaporation of thermally thick wood particles in [14]. Good
agreements were made between simulated results and experimental results for wet
wood logs. Wurzenberger et al [15] used equilibrium drying model to predict

temperature profiles and mass loss profiles of thermally thick particles.

2.2.4 Transport drying model

Transport drying model accounts for detailed transport mechanisms in the drying
process. It includes description of the transport of liquid water, bound water and
water vapour. This model was used by Gregnli [16] and separate conservation

equations were solved for free water and bound water.
2.3 Pyrolysis

Biomass thermally converts into gas, tar and char in inert environments which is
identified as pyrolysis. Heating rate, temperature variation during pyrolysis, particle
size and shape, pressure, moisture content and chemical composition are main
controlling factors in pyrolysis [16]. In combustion fuel is rapidly heated to high
temperatures, which produces volatiles and char. The released volatiles prevent
oxygen from entering to the particle, therefore, create oxygen depleted environment
favourable for pyrolysis. Pyrolysis takes place between 200 -500 °C. Variety of
models has been used in literature to describe pyrolysis due to its complex nature.
Pyrolysis kinetics are determined based on model fitting or model free methods [17].
A brief discussion on pyrolysis models is included in the following section. Model
based methods assume that pyrolysis occurrs according to previously defined
reaction mechanism and model free methods do not require prior assumptions on

pyrolysis mechanism. Pyrolysis kinetics, which is an essential component in



mathematical modelling was studied by model based and model free methods, is
described in Chapter 3

2.3.1 Model based methods

Global one-step model

Global one step model is used to describe decomposition of a single constituent
according to reaction R2.1. Mass fraction of char formed by the reaction is described
by v. In this model secondary reactions are ignored. This model have been used in

modelling of biomass and wood chip combustion in [18]-[23].
Wood — v char + (1-v) volatiles (R2.1)
Competitive reaction models

This model assumes formation of pyrolysis products through independent pyrolysis
kinetics according to reaction R2.2. The product fractions are decided by chemical
kinetics which has independent reaction rate constants (k;, i=1,2,3) according to the
temperature of the solid. Therefore, product fractions have not to be decided in
advance. Effect of tar cracking is incorporated in this reaction mechanism by
including additional steps [13]. Variations to this model can be found in [16], [17],

[24] and used in modelling thermal conversion of biomass in [11], [12], [25].

ky
wood — char

k

wood = tar ( (R2.2)
k

wood — gas

Pseudo component models

Pseudo component models have been developed to model the reactions of pseudo
components (cellulose, hemicellulose and lignin) of biomass at their own reaction
rate without any interaction with other pseudo components. Therefore, pyrolysis of
constituents of biomass; cellulose, hemicellulose and lignin, occurs independently

and the interaction between each component during the conversion is not considered
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in the model. Cellulose, hemicellulose and lignin content in wood are important in
pseudo component model. Therefore, when the mass fraction of each constituent in
the fuel and reaction rate constant of each constituent (k;,i=4,5,6) is known, this
model can be used to calculate pyroysis rate. A general form of the model is
presented in equation R2.3. Pseudo component model was used by Mehrabian et al
[26] to model thermal conversion of biomass particles.

k

cellulose — (1-vl)gas+ulchar
k

hemicellulose — (1-v2) gas+ v2char (R2.3)

lignin k—6> ( 1 -03) gastu3char )

2.3.2 Model free methods

Iso conversional [27], [28] and Distributed Activation Energy Method (DAEM) [29],
[30] are model free methods which describe the kinetics of pyrolysis. Since a specific
mechanism for pyrolysis Kinetics is not assumed in advance, errors added by such an
assumption will be avoided. Composition of fuel and pyrolysis product distribution

have been taken into consideration in DAEM [30].
2.4 Heterogeneous reactions

Pyrolysis of biomass produces char particles which have porous structure. Char
particles react with O,, CO,, CO, H; and H,0 in the surrounding gas. Heterogeneous
reactions mainly occur at the surface of the char. Porous structure of char offers
larger surface area for the char reactions. Two factors affect the char reaction rate.
One is the availability of gaseous species for the reaction and the other one is the
Kinetic rate of reaction. Three zones of combustion have been identified according to

the supremacy of each process (Figure 2.2).

Zone |: Reaction rate is controlled by the kinetic rate of reaction. Diffusion of the
reactive gas species is so fast. The concentration of reactant gas at the surface of the

char particle is equal to the concentration of reactant gas in the bulk flow.
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Zone Il: Reaction rate is controlled both by diffusion rate of reactive gas to the
surface of the char particle and the kinetic rate of reaction.

Zone Il1: Reaction rate is limited by the rate of diffusion of gas species to the surface
of the particle. The kinetic rate is so fast. Therefore, reactant gaseous species are

consumed at the reactive surface before it gets penetrated the char particle.

Zone | Zone |l Zone |l

Figure 2.2  Sample oxygen profiles through the char particle boundary layer and
the char particle itself during combustion proceeding according to the characteristic
burning zones [31].

Zone | combustion is applicable to small particles which burn at low temperatures.
Small particle sizes increase the diffusive flux while low temperatures reduce the
Kinetic rate of reactions. In this type of combustion char particle diameter remains

constant while the density reduces evenly throughout particle.

Zone 1l combustion is applied to conditions where partial penetration of oxygen
presents. Char particles which have large internal surface area can have combustion
similar to Zone 1l. Both the particle diameter and density reduce in this combustion

regieme.

In Zone 111 combustion, particle density remains constant while the particle diameter
reduces. Combustion of large sized particles in high temperatures occurs in this zone.
High temperatures increase surface reaction rate and large sized particles reduce

diffusion of oxygen.
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Two approaches have been presented in deciding reaction rate of char; apparent
kinetic rate and intrinsic kinetic rate. Apparent kinetic rate model is the widely used
heterogeneous reaction model. This model does not include the effects of pore
structure and char reactivity etc and it is valid for limited pressure and temperature
ranges. Intrinsic kinetic rate model requires details on intrinsic reactivity, surface
area of pores and local oxidant concentration [7]. These factors vary widely with the
type of fuel like biomass. Intrinsic reactivity model better predicts the char reaction

rates but requires sufficient data on internal pore structure and reactivity.
2.5 Homogeneous reactions

Volatiles released during pyrolysis and char reactions react with each other in the gas
phase. These homogeneous reactions are affected by chemical kinetics and mixing of
the reactants. Eddy dissipation, Eddy Break-Up model and laminar flamelet model
can be used to describe turbulent non premixed combustion. In Eddy-Break-Up
model fuel dissipation rate is described by the turbulent time scale. Therefore,
precision of the predictions depends on the turbulent model. Eddy dissipation model
has been adapted from Eddy-Break-Up model which utilizes the significance of fine
structures on reacting flows [32]. Laminar flamelet model allows incorporating
detailed chemistry to turbulent chemistry calculations. Alternative formulations to
calculate gas phase mixing rates are used in [23], [33]. Since the predictions of
homogeneous reactions are affected heavily by the flow patterns, attention should be
given for modelling flow conditions inside the furnace. Therefore, modelling of flow
conditions will be discussed in the next section.

2.6  Flow conditions inside the packed bed

Size, shape and orientation of fuel particles affect the flow conditions inside packed
beds, hence the combustion in packed beds [34]. Large particles create larger scale
turbulence in local bed structure and help cross flow and inflow mixing of gases [35].
Release of gas species may enhance the turbulent effect at low velocities [36].
Increase in flow velocities enhances heat transfer due to turbulence effect [37]. In

biomass grate furnaces, flow conditions above the fuel bed lie in the low turbulence
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region [38], nevertheless there may be turbulence vortices inside the porous bed [39].
Gas phase reaction rates are influenced by the flow field which is in turn affected by
the increased temperatures near the fuel bed. Therefore, a good description of the

flow conditions inside the reactor is needed.

Different models have been presented for describing turbulence in packed bed
furnaces. Reynolds Averaged Navier-Stokes (RANS), Large-Eddy Simulation (LES)
or Direct Numerical Simulation (DNS) equations are presented for turbulent flow
calculations [32]. RANS equation calculates effect of turbulence on mean flow
properties. The turbulence terms which appear in Navier Stokes equation are solved
with turbulence models such as standard k-epsilon model, k-omega model or
Reynolds stress model. RANS models like k-epsilon and Reynolds stress model can
produce results with good accuracy at less computational time. LES includes the
behavior of large eddies in turbulence modelling by filtering off smaller eddies. LES
requires higher computer power and is in development stage to be used for industrial
applications and for complex geometries. DNS resolves mean flow and all turbulent
velocity fluctuations using a computational mesh. Therefore, it requires fine grids
with small time steps. DNS requires high computational power which limits its use

for non-industrialized applications [32].
2.7 Heat transfer inside the packed bed furnace

Heat transfer in packed beds occurs through conduction, convection and radiation.
The particles in the bed exchange heat with neighboring particles through conduction
and radiation. Particles exchange heat with gas phase by convection and radiation.
Heat transfer inside a furnace depends on the flow conditions, characteristics of fuel
and the geometry of the combustor. Heat transfer in packed beds affects the reactions
in the combustor. Above mentioned characteristics can be effectively adjusted to
optimise the performance of packed bed combustion systems. Optimum combustion
of biomass can be achieved through controlling above mentioned characteristics.
Therefore, it requires good understanding of the process, which can be achieved

through numerical modelling.
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Radiation is the principal heat transfer mechanism in furnaces. It is estimated that
20% of reaction heat is directly emitted as radiation energy in combustion. 30% of
energy contained in combustion products, is then released as radiation energy [40].
Wood particles in the bed exchange heat through radiation with neighboring
particles, reactor walls and flame at the top of the bed. In packed beds radiation heat
above the bed can only penetrate a short distance into the bed. It is reported that
radiation intensity can be enhanced by 24% by turbulent effects [37]. Therefore,

modelling of radiation heat transfer has been treated separately in CFD modelling.

Different approaches have been used in the literature to model radiation effect in
combustion. Conservation equation for a radiation beam travelling along a path
through a medium is represented by the Radiative Transfer Equation (RTE), Eqg. (2.1)
[41]. In the above equation I, is the spectral radiation intensity, Iy, is the spectral

radiation intensity for a black body, a; is the spectral absorption coefficient of the
medium, a,s is the spectral scattering coefficient and (? - §",7 - X) dQ dA /4x,
represents the probability that radiation of wavelength A’ propagating in the direction

S” and confined within the solid angle dQ' is scattered to the directionS" and

wavelength 1.

dI;L ), © ran - — =7 =\ ., (=7 Vo
K:‘(ax+aks)lk+aklbx+4_;k JO ()] (S - S', Ao }\,)I A (S )dQ da (21)

Exact solution for the above RTE equation is only possible under simplifying
assumptions such as uniform radiation properties of the medium and uniform
boundary conditions. Combustion apparatus are multidimensional and non-
homogeneous. The other limitation of RTE is evaluation of different coefficients
which depend on wavelength, pressure, temperature, gas composition and type of
particles. Therefore, different solution methods have been developed to overcome the

above mentioned limitations in RTE and they will be described below [42].
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= Directional averaging approximations (2-Flux, 4-Flux, Multi flux, Discrete
Ordinates Model (DOM))

= Differential approximations (moment, modified moment, spherical
harmonics, etc.);

= Energy balance (zone, Monte Carlo, finite volume, finite element, boundary
element, etc.) methods

= Hybrid (discrete transfer, zone-Monte Carlo, ray tracing, etc.) methods.

Directional averaging approximations involve averaging of radiation field related to
different directions. Accuracy of these models depends on the selection of solid angle
subdivision over which the intensities are integrated to obtain the flux. The other
limitation is that the flux in one direction is not coupled with the flux in other
directions if the medium is not scattering. Flux models were used in [35], [43]-[46]
to model radiation heat transfer in packed bed furnaces. Due to low accuracy the
application of the model has been limited.

DOM is also considered to be a multi flux method. Presumptions are not required in
DOM on the relationship of radiation intensity with the direction. Two types of RTEs
are used in DOM. The first one is the classical approach which approximates the
RTE to first order ordinary differential equation. The second approach is named as
even parity formulation which is a second order partial differential equation. This
method discretises the total solid angle into finite number of ordinate directions. RTE
is written for each ordinate. The integrals over these ordinates are replaced by
numerical quadrature. Then the RTE is transformed into a transport equation for
radiation in spatial coordinates. DOM was used in [39], [47]-[51] for modelling

radiative heat transfer in packed bed combustion systems.

Representation of RTE in spherical harmonics forms differential approximation for
RTE. First order differential approximations of the radiation models are capable of
treating the radiative heat transfer problems in scattered media. P, approximation is
obtained by taking moments of RTE. This results in n®> number of equations. P;
approximation produces a single equation. P; approximation is widely applicable due

to its simplicity and accuracy. Due to the diffusive nature of the radiation energy
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transfer in P; approximation, it has been identified as well suited for optically thick
media where radiation travels short distances. It has been used in the work of CFD
modelling of biomass combustion in small scale combustion units [52], [53]. Klason
[6] observed that the difference between predicted temperatures from P1 model and
Finite Volume Method radiation models was small for biomass combustion in

furnaces.

Finite Volume Method (FVM) from the category of energy balance method is
suitable for the application of CFD in combustion systems. In F\VM radiance in each
discrete direction is assumed to be constant as in DOM. Results are obtained by
solving for discrete angles which cover a solid angle of 4= sr. Discrete equations are

obtained by integrating RTE in each control volume and over each solid angle.

The Discrete Transfer Method (DTM) which is categorised under hybrid methods is
proven to be suitable for CFD applications. This method divides the geometry into
isothermal control volumes and surfaces which have constant radiation properties.
The RTE is integrated analytically and is iteratively solved along an arbitrary path.
The solution of the RTE gives the local intensity of any ray in the selected direction.
This method is flexible in handling complex geometries and the accuracy can be
manipulated by changing the number of rays without affecting much for the
computer storage capacity. This model is difficult to be implementd for the
anisotropic scattering problems. Since DTM is not conservative it is difficult to

couple with finite volume method-based calculations which are conservative.
2.8 Solid movement of bed

Volume decrease of wood particles during drying, pyrolysis and char reactions
makes the biomass bed to shrink. VVolume reduction in pyrolysis is higher than other
two processes due to large quantity of mass released to the gas phase during
pyrolysis. Volume reduction of fuel bed is modelled by individual particle movement
in DPM approach. Aggregation and bed collapses have to be modelled to give more

realistic description of the bed movement, which are limited in currently available
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DPM models. Discontinuous shrinkage of packed beds in combustion was modelled
in DPM approach by Mehrabian et al. [9].

Since individual particle representation is not used in Eulerian approach, different
alternative methods are used to describe solid movement. One method is to model
gas and solid movement by two fluids motion, which includes a convective term in
the solid phase equation as was done by Yang et al [21], [43]. Hermansson and
Thunman [33] used a moving coordinate system to describe solids movement in
fixed beds. This method requires rescalling of computational mesh and solid
movement is modelled as discrete events. Rescalling of mesh requires high
computational power and introduces numerical challenges as described in [36].
Gbémez et al [25] included description of solid movement explicitly to the
conservation equations. Therefore, solid phase conservation equations do not include
convective flux term, and the bed movement was calculated as a mass and energy

exchange between cells.

Two approaches have been used in representing linkage beteen porosity field and
shrinkage of the packed bed during thermal conversion. Some researchers developed
bed shrinkage models based on the assumption of constant porosity field throughout
the bed during entire conversion period [45], [54]. VVoids created by mass loss are
filled with larger particles which lie above, therefore above assumption considered to
be valid. Collazo et al modelled variable porosity field throughout the bed while the
bed height remained constant [55]. Some other researchers modelled variable
porosity field throughout the bed with bed height change in modelling packed bed
thermal conversion [8], [9], [33]. Different models were developed to describe the
variable porosity field within packed beds [33], [56]. Jufena compared results of
reaction front propagation speed between constant-porosity bed model and variable-
porosity bed model and observed lower reaction front propagation speeds for
variable-porosity model [20]. Thunman and Hermansson [33] used variable porosity
models to simulate bed collapses and uneven distribution of combustion rates in

packed beds.
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2.9 CFD models for wood combustion in packed bed furnaces

To optimise the efficiency of a furnace, main operating variable should be controlled.
To control operation of furnace, a good understanding on how these process
variables affect the combustion should be studied. Conducting experiments on full
scale furnaces are expensive and impossible to achieve. CFD provides feasibility of
acquiring detailed description of the processes inside the packed bed than
experimental studies. A CFD model with sufficient accuracy can be used to enhance

the sustainability in wood fuel consumption in industries.

There have been many studies done on batch type packed bed combustion of biomass
by CFD approach. Either transient or steady-state models have been used to describe
conversion of biomass in packed beds. Pseudo-steady-state approach was used by
Richter et al. [57] to study the spatial distribution of temperature and species in
combustion and gasification zones in a fixed bed of coal char particles by two
dimensional and three dimensional models. Two dimensional steady state model of
moving grate furnace was developed by van der Lans et al [19]. The model was used
to predict ignition propagation rate and ignition front temperature, which can be used
to optimise performance of full-scale furnaces. Transient modelling of biomass
combustion in packed beds have been reported in [6], [9], [60], [15], [20], [33], [43],
[46], [55], [58], [59].

CFD modelling of biomass combustion in packed beds can be categorised into two
main approaches according to the method used in solving biomass bed and free
board. First category solves the biomass bed and the free board separately. A
different solution method (other than CFD) is used for the packed bed. In this method
the solutions for temperature and species that have been obtained by solving the
packed bed are used as the boundary conditions for free board solver. This kind of
practice was used in [45], [51], [61]. The second category solves the biomass bed and
free board simultaneously by CFD approach. Three-dimensional transient modelling
of batch type biomass combustion was done in [9], [55] , where biomass bed and free

board were solved simultaneously.
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The packed bed models are categorised according to the way of treatment of solid
phase in the model. The bed of solids is considered as a continuum in Eulerian
modelling framework. The Eulerian method has been used to model biomass
combustion in packed beds under thermally thin assumption [25], [55], [59].
Equivalent diameter of the particles simulated is 8.8 mm, 7.6 mm and diameters less
than 8.8 mm. Eulerian approach has been mainly used for modelling packed bed
combustion under thermally thin assumption. Exemptions are presented in [62], [63],
where thermally thick particles are modelled within the Eulerian framework. A
subgrid one-dimensional model was used to describe the particles in the bed with a
three-dimensional modelling of the bed. The subgrid model was recommended to use
for particles from 2 mm to 20 mm size. The Eulerian approach was used by Yang et
al [64] to study the combustion of wood particles of sizes from 5 -35 mm. The bed
was described by three types of cells; viod cells, boundary cells of particles and inner
cells of particles. He further used a double-mesh computation scheme to study
burning characteristics of pine wood chips of sizes from 5 mm -50 mm by Eulerian
approach in [44]. He used Eulerian approach to model combustion of 20 mm sized
particles in a moving grate furnace arrangement with single mesh [21]. Thermal
conversion of each individual particle is included in solid phase modelling in DPM.
The DPM method was used to model thermal conversion of packed bed of thermally
thick particles with the Eulerian treatment of fluid phase in [9]. The particles are
modelled in one-dimensional geometry and the entire domain of the combustor is
modelled as a three-dimensional geometry. The DPM was also used by Thunman et
al [65] to model combustion of different sized particles. The model consists of two-
dimensional particle models with one dimensional packed bed model. He compared
the results of porous medium assumption with the particle model linked to the porous
medium treatment of packed bed combustion. The linked model showed lower
release rates compared to porous media approximation. This lower release rates were
distributed over larger span of the bed height. Porous media approximation gave
higher release rates which was limited to a narrow span of the bed height. A transient
one dimensional particle model was incorporated into a packed bed combustion

model by Peters et al [58]. He modelled particle sizes between 5 mm -25 mm.
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2.10 CFD modelling of wood combustion in moving grate furnaces

Industrial packed bed wood furnaces are operated continuously, and fuel is moved
along the supporting grate or resembles horizontal movement along the grate. Two
methods are used to model fuel phase; Eulerian method and Lagrangian method. Fuel
bed is modelled as a continuum with volume averaged properties in Eulerian
approach. Discrete Particles Models (DPM) are involved in Lagrangian method of
fuel bed modelling. The horizontal movement of the grate is modelled by two
approaches. One category introduces the bed movement directly through boundary
conditions [21], [43], [66], [67]. The effect of fuel mixing is incorporated by
empirical mixing coefficient in Eulerian approach [66]. Mixing of fuel particles is
accounted by the forces acting on the particles in DPM method [67]. The second
category is based on the assumption that a moving grate furnace operated at steady
state can be represented by transient operation of fixed beds [15], [19], [45], [68]. In
this approach time passed after ignition is linked to a horizontal placement of fuel on
the grate and flow of gas and movement of solid was assumed to be plug flow.
Description of solids at a distance ‘x” from the fuel inlet on a moving grate is related
to the state of solids at time‘t’ elapsed after ignition in a fixed bed (Figure 2.3). This
approach was used in the studies presented in [15], [19], [34], [68], [69]. Van Der
Lans [19] developed a homogeneous, two dimensional mathematical model to study
straw combustion in grate furnaces. His model was able to produce good agreement
between simulation results and measured data for ignition front temperatures and
ignition front propagation speed. One dimensional model was developed by
Sastamoinen [34] to describe steady state operation of moving grate biomass
combustion. He used the model to study ignition front propagation and maximum
bed temperature. Wurzenberger et al [15] used a particle model which was validated
with experimental results to describe fuel bed processes. Kaer [68] used the above
approach to study full scale straw combustion in grate furnaces. He used a two-step
approach where, results obtained by solving fuel bed were applied as boundary
conditions for the free board region modelling. The particle based model presented in
[26] which was used for transient fixed bed combustion modelling [9] was used for

moving grate combustion modelling under steady state in [69]. Since the grate bar
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movement was not modelled, positions of the grate bars were chosen according to
the conversion of fuel and particle velocities were predefined according to the grate
bar positions. This model simultaneously solves the packed bed and free board.
Similar approach with modifications was used by Jufena [20] in the model proposed
in his phd thesis. A two-dimensional steady state model with flow field along the
grate which is described by the momentum equation was developed. This model does

not include the assumption of plug flow behavior in the model.

Fuel=r3 T~

X X+AXx t t+At
X—>»

Figure 2.3  Representation of steady state operation of a moving grate furnace

The other approach of modelling combustion in moving grate furnaces tries to
simulate transient operation of furnaces, therefore, imitates the grate movement
through boundary conditions. This approach was used by Yang et al. [21] to model
waste combustion in fixed beds. He used Eulerian representation for bed of fuel
particles and used empirical diffusion coefficient for mixing of solid particles due to
grate movement. Two-step approach was used for modelling of free board region
where the results from biomass bed act as inlet conditions for gas phase. Discrete
particle method was used to model both thermal conversion and movement of

individual particle on the grate by Peters et al [70]. He simulated straw gasification on
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a forward-acting grate by the above approach. His focus was on conversion of solid
bed; therefore, modelling of free board region (temperature, species) was not included

in the model.

In addition, empirical approaches were used in modelling biomass bed on grate
furnaces [47], [48], [54] where, the predictions from the packed bed combustion of
biomass acts as inlet conditions for free board region [47], [48]. The methods
proposed in [48], [54] was suggested as a basis to be used for automatic process

controlling.
2.11 Research justification

Wood fired furnaces used in industry are operated continuously and have behaviour
closer to moving grate furnaces. Behaviour of the fuel bed is affected by the
movement of fuel along the grate. Variations in combustion can be observed due to
grate movement even at steady state operation in moving grate furnaces. Thermal
conversion of fuel bed is closely linked with the free board processes. Therefore, to
optimise and control combustion in moving grate furnaces the interaction between
fuel bed and the free board should be correctly represented. The reviewed models so
far have not modelled transient nature of moving grate processes which present the
simultaneous interaction between fuel bed and the free board. Therefore, a
comprehensive model should be developed for moving grate furnaces, which
includes descriptions of solid phase conversion, gas phase reactions, turbulent flow
conditions, radiation heat transfer, bed shrinkage and grate movement and which is
able to model fuel bed and free board interactions simultaneously.
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Chapter 3

ANALYSIS OF PYROLYSIS KINETICS

3.1 Background and objective of kinetic study

Pyrolysis is an important step in combustion which produces gas, intermediate
products and char. Knowledge on pyrolysis kinetics of fuel is important for the
advancements in thermal conversion technology. Pyrolysis kinetics analysis can
describe the influence of devolatalisation conditions on fuel decomposition [71].
Pyrolysis kinetics has been extensively studied, and it depends on size, shape,
composition, temperature and the methodology used to derive the Kinetics. There
have been number of studies done on evaluation of pyrolysis kinetics of Birch, Pine,
Poplar and Eucalyptus [72]-[74]. Gliricidia sepium which is known as Gliricidia and
Havea brasiliensis which is known as Rubber are commonly used for thermal
applications in Sri Lanka, though pyrolysis kinetic data is not available. Then, a
detail analysis of pyrolysis kinetics for Gliricidia and Rubber wood was conducted.
Experiments can be conducted in isothermal or non-isothermal environments and

Kinetic parameters can be derived accordingly [75].

Two approaches; model free (iso-conversional methods) or model fitting have been
applied to analyse biomass pyrolysis in isothermal or non-isothermal environments
[76]. Model fitting and model free methods have their own limitations [77]. Reaction
mechanism has to be pre-defined in model fitting methods. Popularity of this method
is reduced due to the requirement of prior assumptions on the reaction mechanism
[75]. Thermo gravimetric data obtained by single experiment is sufficient to evaluate
the model-based kinetics. Model fitting methods that have been applied for analysing
non isothermal pyrolysis kinetics are Differential, Freeman Carroll [78] and Coats
Redfern [79] methods. Coates Redfern method was used to analyse pyrolysis kinetics
of coal biomass blends by Jayaraman et al [80]. An increase in activation energy and
pre-exponential constant in biomass coal blends was observed when compared to
coal [80]. Higher activation energy value and pre-exponential factor of biomass

caused the increase in biomass coal blends. Values they obtained agree with the
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values reported in the literature. Catalytic pyrolysis kinetics of biomass was
evaluated by Coats Redfern method along with Friedman model free method.
According to the findings catalytic pyrolysis of biomass follows multistep reaction
mechanism rather than simple first order reaction mechanism of virgin biomass [81].
A sequential method was presented by Huang et al. [82] to evaluate non-isothermal
kinetic parameters. His method is based on the method presented by Kissinger [83]
on the maximum reaction rate. Pyrolysis Kinetics of seven kinds of biomass feed
stocks was evaluated by the method presented in [82]. Obtained kinetic parameters
are agreeable with the values reported in literature. Kinetics evaluated by model
fitting methods has been widely used in modelling of thermal conversion. Kinetics
derived according to global one step model has been extensively used in modelling

studies due to the simplicity and easiness in implementation.

Distributed Activation Energy Model (DAEM) is another method which considers
chemical complexity and distribution of pyrolysis products in determining pyrolysis
kinetics [30]. It requires TGA data to be obtained at number of heating rates for the
evaluation of pyrolysis Kinetics. Reaction is assumed to proceed through infinite
number of independent parallel reactions which have different activation energies. A
continuous distribution function is used to present the activation energy variation.
DAEM uses either distribution free or distribution fitting methods to evaluate the
kinetic parameters [84]. In distribution fitting method, the distribution of activation
energy is presented by Gaussian [85], Weibull [86] or Gamma distribution [28]
functions. The widely used distribution function is the Gauss distribution function
[85]. Distribution fitting methods were used to evaluate pyrolysis kinetics of rice
husk, bamboo and pine wood [74]. A good match with experimental data was
obtained by assuming Gaussian distribution for the activation energy. Gaussian
distribution was used to find pyrolysis kinetics of wood by Gasparovié et al [85]. A
distribution free approach of DAEM is Miura and Maki approach [87]. Pyrolysis
kinetics of different biomass types were evaluated by Miura and Maki approach of
DAEM [88]-[91]. Verdugo et al. [92] used a modified version of Miura and Maki
approach of DAEM to analyse pyrolysis kinetics of solid fuels under parabolic and

exponential temperature increments. Wang et al. [93] coupled, non-isothermal model
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fitting, iso- conversion and DAEM to manage the complexity of biomass pyrolysis
kinetics. While DAEM is more accurate method for modelling pyrolysis kinetics it is

more complicated to implement in CFD modelling [74].

Considering the applicability of model fitting methods for simulation of combustion
systems, pyrolysis kinetics was derived according to global one step reaction
mechanism of order one. The sequential approach proposed by Huang et al. [82] was
used for the study of global one step pyrolysis kinetics. Miura and Maki approach
[87] of DAEM was used in this study as it is more accurate method of Kinetic
analysis. Thermo Gravimetric Analysis (TGA), which studies mass variation as a
function of temperature or time, was carried out to estimate pyrolysis kinetics of
Rubber and Gliricidia fuel woods [94] .

3.2 Experimental study

Fine dust of Gliricidia and Rubber wood was used in the experiment. Gliricidia and
Rubber wood properties are shown in Table 3.1. TGA instrument SDT Q600 was
used for thermo gravimetric analyses which measures mass variation as a function of
temperature. The accuracy of the balance of the instrument is 0.1 pg and the accuracy
of differential thermal analysis is 0.001 °C. Samples of 10 mg weight were used for
the experiments. Since the minimum number of experimental data sets required at
different heating rates for the evaluation of pyrolysis kinetics by DAEM s three,
three sets of experiments were carried out for each wood type at heating rates of 10
°Cmin™, 20 °Cmin™ and 30 °Cmin™. As reported in literature different temperatures,
commonly between 700 °C and 900 °C, were used as final target temperature of the
experiments [74], [82], [92], [95]. Therefore, these samples were heated from room
temperature to final temperature of 800 °C. The nitrogen gas was sent at a flow rate
of 100 mimin™. In order to prevent the drying reaction being interpreted from the
data, weight loss data of samples in the range of 177 °C (450 K) and 800 °C (1073 K)

was used for kinetic study.
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Table 3.1  Gliricidia and Rubber wood properties

Wood Proximate analysis (wt%) Ultimate, analysis (wt% Dry
species basis)
Moisture | Volatile | Fixed Ash C H @) N

Matter Carbon

Gliricidia | 11.97 67.40 14.63 6.00 504 |548 | 235 |0.91

Rubber | 6.95 73.74 14.15 5.16 4241 1531 |39.2 |0.90

3.3 Theory

3.3.1 The sequential approach

The procedure presented by Huang et al in [82] was used in this research.

Reaction rate of pyrolysis dx/dt is expressed by Eq. (3.1).

dx
i kf(x) (3.2)

X IS mass conversion, t is time, Kk is reaction rate constant and f(x) is conversion
function. Hereafter conversion is denoted by x, which is expressed by Eg. (3.2).
Initial mass of the sample is m,, final mass of the sample is m¢ and mass of the

sample at time t is m.

(3.2)

The reaction rate constant is expressed by Eq. (3.3), in which A is the pre-

exponential factor, E is activation energy and T is temperature.

k = Aexp ({{—i) (3.3)
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Assumption of n™ order conversion of solid leads to Eq. (3.4)

f(x) = (1-x)" (3.4)

% —Aexp( )(1 -x)" (3.5)

With the approximations given in [96] integral form of Eq. (3.5) can be written as

2 -
E[W'I]ZA&T e (17 (3.6)

Differentiating Eq. (3.5) at the maximum reaction rate results in Eq. (3.7)

L) - B (e o G

Heating rate B is given by Eq. (3.8)

dT

p=— (38)

Substituting Eq. (3.5) and Eq. (3.8) in Eq. (3.7)

SO Dol o
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. . d/d . . .
At the maximum conversion ratea (%) =0, Xq, is the conversion at maximum

conversion rate. Therefore,

<d§tm ) (Il:”li) ' (d;m ) Anexe (R_I::F> (1-%)™" =0 (3.10)

By rearranging Eq. (3.6) and Eqg. (3.10), the order of the reaction can be calculated
by Eg. (3.11). TGA measurements can be used to calculate X, and maximum

reaction rate.

1
(1-x,,) = n0™ (3.11)

After obtaining reaction order, activation energy E can be calculated by Eq. (3.12)

and pre-exponential factor can be calculated by Eq. (3.13).

_n_ dx
— n(-DR T2 <_m> 3.12
E =n®DRT, (== (3.12)
A=nlD (dxm> T (dx“‘> 3.13

Assuming first order decomposition, integrating Eq. (3.5) results in Eq. (3.14)

2 -
-In(1-x) = A[I;l;l“ exp (R—ljzr) (3.14)
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By differentiating Eq. (3.5)

2 non (D)) e Dren(Dan e

At the maximum reaction rate d*x,,/dt* =0

oo ()2, r (G ) a0 o
Since
(i—’t‘)m — Kk, (1-x,) (3.17)

Eq. (3.16) leads to

(3.18)

Using Eq. (3.5) and Eq. (3.14) for a reaction of order one (n=1) at maximum reaction

rate

(3.19)

BT 2
B (l-me){;flII(ll-xm) (j_;)m

B 1
- (I'Xm)ln(l'xm)

(3.20)
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And

=cp (j—,);) exp (cT (j—f;)m) (3.21)

Above described method can be used to calculate first order or n™ order reaction
kinetics. Eq. (3.22) was used to obtain best fitting parameters by nonlinear square fit

method.

2
Frror= Z[ dT i,exp dT 151ml (322)

It was assumed that pyrolysis kinetics obeys first order reaction. Therefore, Eq
(3.19), ((3.20), and Eqg. (3.21) were used to calculate activation energy and pre-
exponential factor. TGA data obtained at the heating rate of 20 °Cmin™* was used to
calculate model based non isothermal pyrolysis kinetics. The numerical optimization
was performed by solver fminsearch in MATLAB® software, which uses Nelder-
Mead simplex algorithm to minimise the objective function given in Eq. (3.22) [97].
fminsearch is an inbuilt solver in MATLAB which has the ability to optimise
multiple parameters. The calculated values of E by Eq. (3.19) and A by Eqg. (3.21)
were given as the initial deductions to the solver.

3.3.2 Miura and Maki approach

Fraction of fuel converted to volatiles is used to calculate pyrolysis kinetics in
DAEM method (Eqg. (3.23)).

1-x = f OOCD(E,T)f(E)dE (3.23)
0
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In Eq. (3.24)

T
Kk E
®(E,T) =exp B f exp RTdT (3.24)
273.15

Inner dT integral and the outer dE integral make it difficult to obtain exact analytical
solution to DAEM. Therefore, many mathematical approximations have been
proposed by different researchers. Calculation of parameters has become difficult
due to complex nature of DAEM formulation. Either distribution free or distribution
fitting method can be used to calculate kinetic parameters in DAEM. Miura and
Maki presented a revision to DAEM which does not require prior assumptions to
estimate distribution of f(E) [29], [87]. Therefore, Miura and Maki method was used

in this study to estimate activation energy distribution [87].

Miura and Maki approximation of Eq. (3.23) leads to Eq. (3.25).
B > (kR) E
—)=1n(—)+o0. — 3.25
ln( In (=) +0.6075- = (3.25)

Eq. (3.25) presents a linear relationship between In(B/T%) and 1/T where E can be

calculated. The procedure described below was used to calculate E and f(E)

= In(B/T?) versus 1/T is calculated at heating rates of 10, 20 and 30 °C min™ for
same levels of conversion (1-x).
= Activation energy E is calculated from the gradient and the pre-exponential

factor A is calculated from intercept using Eqg. (3.25).
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3.4 Results and discussion on pyrolysis kinetic analysis

3.4.1 Pyrolysis Kinetics calculated by sequential approach

The method described in section 3.3.1 was used to calculate pyrolysis kinetics of
Gliricidia and Rubber. The kinetic parameters obtained for Gliricidia and Rubber

wood at heating rate of 20 °Cmin™ are included in Table 3.2

Table 3.2 Pyrolysis kinetics obtained by the sequential approach

Wood species | Tm (K) | (1-X)m | E (kdmol™) | A (s

Gliricidia 635 0.35 |107.19 8.88x10°

Rubber 634 0.30 |83.44 9.5 x10*

Figure 3.1 shows reaction rate calculated by the evaluate kinetic parameters (red
line) and experimentally obtained reaction rate (blue line) of Gliricidia. Figure 3.2
demonstrates the reaction rate obtained by calculated Kinetic parameters (red line)
and experimentally obtained reaction rate of Rubber. Two separate peaks can be
observed for Rubber whereas only a shoulder can be observed for Gliricidia.
Pyrolysis of hemicellulose results in the low temperature peak in Rubber
decomposition curve and the low temperature shoulder in Gliricidia decomposition
curve [30]. Hemicellulose content in Rubber wood is around 40% while approximate
cellulose content is 70% [98]. Clearly visible low temperature peak can be described
by high hemicellulose to cellulose ratio in Rubber wood. The maximum
decomposition rate is resulted by cellulose pyrolysis which is shown by the 1% peak
in Figure 3.1 and 2" peak in Figure 3.2. These peaks occur at 635 K for Gliricidia
and 634 K for Rubber. The temperatures at which the maximum pyrolysis rate occur
agree with the temperature range presented in literature for maximum rate of
cellulose pyrolysis [99]. Pyrolysis of lignin spreads throughout the entire range of
temperature used in the pyrolysis. Calculated kinetics does not show decomposition
of individual components; hemicellulose, cellulose and lignin. Calculated kinetic
parameters represent the average value of kinetics for the entire thermal conversion

[77]. The activation energy of Gliricidia wood is 28% higher than that of Rubber
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wood and pre-exponential factor is 92% higher than that of Rubber wood which is
due differences in composition, structure etc. between two wood types.
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Figure 3.1  Pyrolysis rate of Gliricidia
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Figure 3.2  Pyrolysis rate of Rubber

3.4.2 Pyrolysis kinetics by Miura and Maki approximation

Graphs of In(p/T?) against (1/T) for Gliricidia and Rubber wood are shown in Figure
3.3 and Figure 3.4, respectively for conversion levels between 0.05 and 0.95.
Gliricidia wood shows good correlation for conversions ranging from 0.15 to 0.8.
High correlations factors (R?) are observed for conversions ranging between 0.05 and
0.85 for Rubber wood (Table 3.3). Parallel and linear relationship between In(p/T?)
and 1/T plots cannot be observed for conversions lower than 0.15 and for
conversions higher than 0.80 for Gliricidia. For conversions higher than 0.85, Rubber
wood does not show parallel and linear relationship which is shown by low
correlation factors at the corresponding conversions. Therefore, activation energy
values of Gliricidia wood vary from 190.58 kJmol™ to 230.57 kJmol™. Activation
energy value varies from 111.52 kJmol™® to 179.07 kJmol™ for Rubber wood.
Occurrence of different reactions at different stages of pyrolysis is characterized by
the observed variation in activation energy and pre-exponential factor. From the

results observed activation energy and pre-exponential factor of Gliricidia is higher
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than that of Rubber. Gliricidia shows 6% to 100% higher value for activation energy
than Rubber.
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Figure 3.3 In(p/T?) versusl/T at different conversion levels for Gliricidia
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Table 3.3

Kinetic parameters of Gliricidia and Rubber from Miura and Maki

approach
Conversion | Gliricidia Rubber
A (s E R? NG E R®
(kJmol™) (kJmol™)

0.05 3.20x10™ |[190.90 |0.7976 6.45x10" | 111.52 | 0.9578
0.10 1.48x10™° [193.40 |0.9473 1.64x10™ | 140.282 | 0.9698
0.15 3.21x10™ |[190.58 |0.9839 6.75x10™ | 149.392 | 0.9777
0.20 6.78x10"° |[230.57 | 0.9999 9.24x10™ | 152.93 | 0.9810
0.25 9.11x10" [ 22450 |0.9999 1.16x10™ | 155.812 | 0.9821
0.30 2.70x10"" |221.61 |0.9984 1.53x10" | 158.852 | 0.9815
0.35 9.93x10™ |[219.26 |0.9931 2.09x10" | 162.072 | 0.9788
0.40 3.41x10"™ [216.11 |0.9857 2.61x10" | 164.95 | 0.9746
0.45 1.19x10™® [212.66 |0.9794 2.30x10" | 166.18 | 0.9682
0.50 4.82x10" [209.69 | 0.9759 1.21x10% | 164.83 | 0.9611
0.55 2.13x10™ |[206.94 |0.9745 5.24x10™ |  162.33 | 0.9568
0.60 1.23x10" [ 205.42 | 0.9747 2.32x10" | 159.73 | 0.9567
0.65 6.07x10™* |202.99 |0.9755 1.13x10™ | 157.42 | 0.9597
0.70 4.02x10" |202.05 |0.9771 6.61x10" | 155.90 | 0.9643
0.75 3.45x10™ [202.50 |0.9789 4.33x10° |  154.96 | 0.9697
0.80 6.62x10™* |207.37 | 0.9802 4.73x10° | 156.83 | 0.9779
0.85 2.68x10” |[266.85 |0.9179 1.97x10% |  179.07 | 0.9995
0.90 0.0564 23.58 0.005975 | 1.15x10% 75.48 | 0.5888
0.95 -2.18x10™ | -93.04 | 0.1913 7.13x10% 69.80 | 0.4565
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When the two figures, Figure 3.5 and Figure 3.6 are compared, difference in
activation energy profile can be observed. Different types of wood have different
compositions of hemicellulose, cellulose and lignin and different structures which are
linked with the observed change in activation energy variation profile. An increase in
activation energy at 0.85 conversion and a sharp decrease in the activation energy
beyond conversion of 0.85 is observed for the two wood types Gliricidia and rubber
(Figure 3.5 and Figure 3.6). Kinetic studies done for different wood types [88] and
other biomass types [95] showed similar observation at high conversions. Decay of
charcoal which has been formed during primary pyrolysis stage resulted in the
observed increase in activation energy. Kinetic parameters reported in literature show
wide variation even for the same variety of wood due to different experimental

conditions and different procedures used in calculations even for the same method.

High correlation factor is an indication of the existence of linear and parallel
relationships at conversion levels between 0.15 and 0.80 for Gliricidia and 0.05 and
0.85 for Rubber. This is an indication of the occurrence of a single or a set of parallel
first order reactions in pyrolysis of Gliricidia and Rubber [87]. Therefore, Miura and
Maki approach can be applied to analyse pyrolysis kinetics of Gliricidia and Rubber
wood fuels.

3.5 Conclusions

Activation energy of Rubber wood calculated by the sequential approach is 83.44
kimol™ and Gliricidia is 107.19 kJmol™. Pre-exponential factor is 8.88x10%™ and

9.5x10* s™for Gliricidia and Rubber respectively.

Miura and Maki, approach was used to analyse model free pyrolyisis Kinetics by
DAEM. Kinetic parameters obtained by Miura and Maki approach are not suitable to
analyse pyrolysis kinetics of Gliricidia at conversions lower than 0.15. Variation of
(B/T?) versus (1/T) is not linear for Gliricidia and Rubber at high conversions.
Therefore, kinetic parameters calculated at conversions beyond 0.85 are not suitable
to explain decomposition of both Gliricidia and Rubber. High correlation factors

demonstrate that Miura and Maki approach can be successfully used within the
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conversion range of 0.15 to 0.8 for Gliricidia and 0.05 to 0.85 for Rubber. Activation
energy value analysed by Miura and Maki approach for Gliricidia wood is in the
range of 190.58 kdmol™ to 230.57 kdmol™ and for Rubber wood it is in the range of
111.52 kdmol™ to 179.07 kdmol™. When the obtained kinetics for two wood types
from each method is compared, a substantial difference between the values can be
observed. Therefore, type of the wood can have significant effect on the burning
characteristics. Thus, operating conditions should be selected to match with the wood

type used in furnaces.
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Chapter 4

DESCRIPTION OF MATHEMATICAL MODEL FOR PACKED
BED COMBUSTION

4.1 Overview of the model

Two phase (gas and solid) model, which is incorporated with all thermochemical
conversions, mass and heat transfers was developed for particulate biomass
combustion. The model developed consists of a packed bed combustion model and a
moving grate combustion model. These models were developed within the CFD
framework. CFD method applies conservation equations to solve mass, momentum
and energy change in flow fields according to conservation laws in physics. The
simulated space is divided into large number of control volumes and following steps

are used in solving conservation equations.

= Conservation equations are applied to each cell of the domain
= Integration of conservation equations over the cell
= Integrated equations are discretised into a set of algebraic equations

= Solving algebraic equations iteratively

Simulation results obtained from the packed bed wood combustion model were
validated with the measured data taken from a laboratory scale combustor. The
validated model was used to analyse the effect of particle size on ER requirement for

wood combustion in packed bed arrangements.
4.2 Packed bed combustion model

A particulate biomass combustor consists of two zones, which are bed zone and free
board zone. In the free board zone only gas phase presents. Bed zone can be

considered as a porous media where both solid and gas phases are present.

Euler-Euler representation was used to model packed bed combustion in fixed grate

type furnace. Packed bed combustion is characterized by large fuel particles, large
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furnace sizes, large number of fuel particles with bulk movement of solid. Large
sized particles which are in thermally thick regime are combusted in packed bed
furnaces. Temperature and species gradients inside thermally thick particles are
described mainly by separate DPMs. The DPMs developed so far describe the
particle conversion and gradients radially in one dimension. Thermal conversion of
large sized particles is three-dimensional which cannot be correctly represented by a
one-dimensional model. The reviewed individual particle models so far have been
limited to the size range of 5 mm - 25 mm, which limited their applicability to
particles that are slightly thermally thick. Two- or three-dimensional models with
sufficiently small cell sizes allow the heterogenous nature of conversion of large
sized fuel particles to be represented with intra particle gradients, in Eulerian
approach. Indiviual particle modelling for a packed bed which consists of large
number of particles is limited by the computational power requirement. In addition,
particles of different shapes can be modelled by Eulerian method by calculating
surface area for different particle shapes and calculating Nusselt number and
Sherwood number correlations based on different particle shapes. Therefore, within
the Eulerian framework packed bed combustion can be simulated with less
computational time requirement. In experimental work conducted for validation,
cubed shaped particles were used. Therefore, to implement cubed shape particles in
the model, particle shape was assumed to be spherical. In the present model, solid
phase and gas phase are fully coupled. Therefore, biomass bed and the free board are
solved simultaneously. The assumptions used in the model are as follows:

= Eulerian representation is used with volume averaged properties within the
biomass bed

= Biomass particles are thermally thick

= Particles are spherical

= Heat and mass transfer of the packed bed is model by calculating the specific
surface area of the biomass bed based on specific surface area of individual
particle

= Porosity of the bed remains constant during entire process

= Fragmentation is neglected
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= The solids movement is towards the downward direction
4.3 Selective solving of conservation equations

Simulated geometry is discretised into number of control volumes (cells) in CFD
modelling procedure. The descretised furnace geometry consists of cells in the free
board zone which contain only gas and cells in the bed zone which contain both gas
and solid (porous media) (Figure 4.1). Conservation equations are applied separately
for solid phase variables (energy, moisture, wood, char and ash) and gas phase
variables (gas flow, energy, and gas species). For cells in the bed zone, both solid
phase and gas phase conservation equations are solved. For cells in the free board
zone, gas phase conservation equations are solved. This is done by introducing a
parameter: “selection value” to select cells in the bed zone which contain solids
according to the criteria given in Eq. (4.1). If solid density of a certain cell is higher
than zero, it is identified as a bed zone cell that contains solid and gas, where
selection value becomes 1. Then, solid and gas phase conservation equations are
solved by volume averaging according to porosity value. If the solid density is equal
to zero, that cell is identified as a free board cell which contains only gas phase,

therefore, only gas phase conservation equations are solved.

1 if solid density > 0

0 if solid density = 0 (4.1)

selection value = {
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freeboard

Figure 4.1  Free board zone and bed zone in the furnace

4.4 Conservation equations

Governing equations for momentum (Eq (4.2)), species (Eq (4.3)) and energy (Eq
(4.4)) are applied for gas phase. Gas density is denoted by pg, velocity of gas is given
by u, porosity of the fuel bed is described by ¢ and gas phase temperature is
described by T4. The t in Eq. (4.2) is the stress tensor due to turbulence. Sy, is the
momentum resistance to gas flow through the packed bed which is described in
Section 4.12.1. Y; is the gas species mass fraction. Seven gas species; CO, CO,, CHy,
H,O, H,, O, and N, are modelled and D describes their effective diffusivities in
the furnace. Sy and Ss; are the source terms which come from gas phase and solid
phase reactions. Cyq is the specific heat capacity of gas phase which is calculated by
the relationships given in Eq (4.42). A4 is the thermal conductivity of gas phase
constitiuents. Ry; is the gas phase reaction rates and Hg; is the heat of reaction of i
gas phase reaction. Radiation heat source term included in gas phase equation is

described by Qrad,g, Which is calculated based on P, approximation [100].
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Gas phase

Momentum conservation equation
8¢pgu/8t +V.(¢pguu) =-OVP+V.p 1-S, 4.2)
Species conservation equation
adp, Y/ V. (§p,uYi) = +V(0p DerriV(Yi)) T SgitSs; (4.3
Energy conservation equation

00, CpgTa/ Ot +V.(9p,uCpgTg) = +V (91 V(Tg)) HhApec (T,-Ty)

4.4
+ z Ss,icpg(Ts'Tg) + Z Rg,ng,i+ Qrad,g

Gas and solid exchange heat at the particle surface depending on surrounding fluid
flow conditions. This interface heat transfer (heat transfer coefficient, h) is governed
by Nusselt number (Nu), thermal conductivity of gas and the initial particle diameter
(dpo) as described in Eq. (4.5). Nusselt number varies for different shapes and
different flow conditions [26], [101]. The presented model has the capability to
calculate Nusselt number according to different particle shapes. The Nusselt number
correlation presented in Eq. (4.37) and Sherwood number correlation given in Eq.
(4.39) was used for packed bed combustion model and it was assumed that the

particles do not change their shape during conversion.

(4.5)
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Species conservation (Eq (4.6)) and energy conservation (Eq (4.7)) equations are
applied to solid phase. Solid phase constituents are described by mg; and Rs;
describes the solid phase reaction rates of constituents.The biomass bed reduces its
volume due to mass loss in the fuel. This causes solid to move towards the grate,
which is included in the solid phase conservation equations as a convective flux in
Eq. (4.6) and Eq. (4.7). upeq describes the velocity of fuel due to volume reduction. In
solid phase energy conservation equation, Ts explains solid phase temperature, ps
explains fuel density, C,s explains solid phase specific heat capacity, As explains
thermal conductivity of solids and Hs; heat of reaction of solid phase constituents.
The last two terms in the right-hand side of the energy conservation equation
describes radiation energy absorbed and emitted by solid phase. Emissivity is
described by e and radiation intensity is described by G. Steffan Boltzmann constant
is described by o and as describes the absorption coefficient.

Solid phase

Mass conservation equation

o /4 (pegm, ) = ) Ry (46)
Energy conservation equation

a((1'¢)pscpsTs)/at +v-((1'¢)psubedcpsTs) = +V'(}\’SVTS)-hASpeC (Ts'Tg)

(4.7)
+ Z Rs,iHs,i +4eG'ASpecasGTs4

The effective heat transfer area of an individual particle was calculated based on the
ratio of particle surface area to volume. This ratio was used to calculate the specific
surface area of packed bed by considering that bed volume is filled up with spherical
shaped particles. To calculate heat transfer of the particle with outside flow, Agpec iS
calculated based on outer surface area of the particle. Therefore, effective packed bed
surface area (Aspec for packed bed of spherical particles) is calculated by Eq. (4.8).
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6(1-9)

Aspec - (4 . 8)

4.5 Drying

Combustion of thermally thick wood particles was modelled in present study.
Therefore, the drying rate was assumed to be mainly controlled by heat transfer.
Therefore, drying rate is described by heat sink model. Mass of water is given by
msw. Heat of evaporation is described by AHy,. Time taken for evaporation is At.
The evaporation temperature (Tevap) iS assumed to be 100 °C, which is the saturated

temperature of water at atmospheric pressure.

) (Ts'Tevap)ms,pr,s if T.>T
R, = AH, At S= Tevap (4.9)
0 if Ty < Teyap

Mass fraction of bound water is described by Y. Additional energy is required for
desorption of bound water molecules from cell walls. If the moisture in wood is free
water, i.e. moisture content larger than fibre saturation point, heat requirement for
evaporation is calculated by Eq. (4.10). If the moisture in wood is bound water, i.e.
moisture in the wood is lower than fibre saturation point heat requirement for
moisture evaporation is calculated by Eq. (4.11) [11]. Fibre saturation point is

considered as 30% by mass on dry basis [7].
AH,, = 3.179x10%-2500T, (4.10)

AH,,= 3179x105-2500T+1.1762x10%exp(-15Y}) (4.11)
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4.6 Pyrolysis

In packed bed combustion model and moving grate combustion model, global one
step pyrolysis reaction R4.1 was used. Global one step model is the most widely used
pyrolysis model. In addition, global one step model is the simplest model and Kkinetic
parameters were also derived in this study according to global one step mechanism.
When modelling of complex transport processes are to be done, simplication of
kinetic mechanisms were adviced [102]. Kinetic parameters obtained for first order
decomposition of Rubber wood which are given in Table 4.3 were used in the

simulations.

Heat of pyrolysis is reported to vary from being exothermic to endothermic [22],
[99], [103]-[106] . At lower temperatures (below 773 K), under inert and impurity
free atmospheres heat of pyrolysis is mainly endothermic with char formation being
exothermic [106]. In number of modelling studies on packed bed combustion
pyrolysis was modelled as a heat-neutral process [104], [106], [107]. In addition,
heat of pyrolysis, either exothermic or endothermic, reported in literature is
considerably lower than heat of reaction for other heterogeneous reactions. In the
present model, pyrolysis heat is assumed to be zero. Pyrolysis gas composition is
tabulated in Table 4.1. The values are calculated based on the ash free fuel
composition (Cz9sHe5802.85) and constraints for pyrolysis gas constituents presented
in Table 4.2 [26]. Hydrocarbon gases are summed together and assumed to be equal
to CHa.

Wood — 0.145 Char + 0.85 Gas + 0.005 Ash R4.1

Table 4.1  Volatile composition

Gas CO, CO H, CH4 H,O
component
Mass fraction | 0.263 0.395 0.013 0.197 0.132
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Table 4.2  Volatile species distribution presented in [9]

0.1 <mCO/mCO,< 10

0.1 <mCH4/mCO;< 1

0.05 < mH»,/mC0O,< 0.4

05< mHgO/mCOz <4

4.7 Char reactions

Four char reactions (R4.2 - R4.5) were used to describe heterogeneous reactions.
Char reacts with O, and H, and produces heat in the fuel phase. Reaction of char
with CO, and H,O is endothermic. Oxygen availability is high in combustion
chambers. Therefore, in such conditions, rate of reaction of char with O, becomes
fastest. In oxygen limited environments, gasification reactions (R4.3 - R4.5) are

promoted.

Q. C+0; — 2(Q-1) CO + (2-Q) CO,  R4.2

C+C0O,—2CO R4.3
C+Hy,0— CO+H; R4.4
C+2H,— CHy R4.5

Eqg. (4.12) describes apparent kinetic rate of char based on the external particle
surface area (Aspec) and reactive gas species concentration at the particle surface (C;).
M. is molecular weight of char and € is the stoichiometric coefficient of respective

reaction

Rcharreactions = AspecMch,iki,effCi (4 12)
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Char reactions are limited by three mechanisms; transport of reactive gas species
from the main gas flow to the particle surface, movement of reactive gas species to
the pores of the particle, and kinetics of the reaction. It is assumed that density and
size of the particle reduce during the thermal conversion since the particles are in
thermally thick regime. Due to high porosity of biomass char, partial penetration of
gases is possible. Therefore, it is assumed that the effective reaction rate K;es (EQ.
(4.13)), is controlled by the three mechanisms described above . Char reaction
kinetics (k;) are given in Table 4.3. Combined effect of movement of reactant gases
to the particle surface and diffusion of gas species to the pores in the char surface
was included in calculating effective mass transfer coefficient (hn ierr) between gas
flow and particle in Eq. (4.14). hy; is the mass transfer coefficient of i gas
component in the boundary layer and hp i is the mass transfer coefficient of gas
species through the ash film. hy; is inversely proportional to particle diameter (Eqg.
(4.15)) and hpa; is inversely proportional to ash film thickness (Eq. (4.16)) [33].
Thickness of the ash film based on the particle diameter is calculated by Eq. (4.17).

oo Kihmerr (4.13)
bett (Ki+hpieit) '
hm,ihm,a,i
Banjetr = 77— (4.14)
m,i ' ''m,a,i
Dygr;Sh
By = — (4.15)
dp,O
Dy
hmai == (I) (416)
sy la

Decrease in particle volume at drying, pyrolysis and char reactions is considered in

calculating ash layer thickness .
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1
1a - 5 (dp,o'dp) (I)a P,

(4.17)

Particle size estimation presented in [33] was used to calculate the particle diameter
(dp) which is required in Eq. (4.17). Effective diffusion coefficient of gases through
fuel bed (Desr, ;) is described by Eq. (4.18) [33]. Different expressions exist for
Sherwood number correlation of different shapes of particles [26]. Sherwood number
correlation presented in Eq. (4.39) is used to describe mass transfer of gases to the
particle through boundary layer ([100]). Knudsen diffusivity (Dx;) (Eqg. (4.20)), and
binary diffusivity (D;) of gas species (Eg. (4.21)) [26] are used to calculate diffusion
coefficient of i species through the ash film (D) (EQ. (4.19)). 6i4ir and Qi 4 in EQ.
(4.21) are collision diameter and collisional integral respectively. M; and M,;, are

molecular weight of i gas species and molecular weight of air respectively.

Deff,i = 08D1+05 |Ll|dp,0 (418)
DiDy i
D, = :
w7~ DDy (4.19)
2 2RT
Dk,i = gdpore Evlg (420)

’ 11 1
D, = 0.0018583 |T3 (—+ ) 421
& Mi Mair PGi%airQi,air ( )



Table 4.3  Kinetics of solid phase reactions

Reaction | Kinetics Ref | Heat of reaction (J/kg) Ref
Index

R4.1 9.5x10%xp(-8.344x10°/RTms,, | [94] | O [104]
R4.2 1.715T, exp(-74827/RTy) [26] | (2(Q:-1)9.8x10%+(2- ©)33.1x10%/ Q. | [7]
R4.3 3.42T, exp(-129700/RTy) [108] | -14.3833x10° [7]
R4.4 3.42T, exp(-1.29700/RTy) [108] | -10.95x10° [7]
R4.5 4.189T, exp(-19.2/RT,) [109] | -6.242x10° [110]

4.8 Gas phase reactions

Availability of species and temperature affects gas phase reaction rates. Gas phase

reaction rate, Ry (EQ. (4.22)) is the minimum reaction rate selected from mixing and

kinetic rate. Different models are available in the literature to estimate effect of

mixing in gas phase reactions. Gas phase mixing rate (Rmixi) is described by the

formulae presented in Eq. 4.23 [33]. Kinetic parameters of the rate expression, R of

gas phase reactions, R4.6 to R4.10, are included in Table 4.4. Heat of reaction of gas

phase reactions is calculated by formation enthalpies of participating gases. Qi is the

stoichiometric coefficient gas species in i reaction.

Ry

Rmix,i =0.63 (

1.75)u] (1-9)
od,

CO+1/20; — CO,

H, +1/2 O, — H,O

i =min(Rpyix i, Ry ;)

) min(Ci/Qg,i)

R4.6

R4.7

CH4 +3/20, - CO+2H,0 R4.8
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CO + H,O — CO, + Hy R4.9
CO, +Hy; —» CO + HyO R4.10

Table 4.4  Kinetics of gas phase reactions

Reaction Index | Kinetics Ref
R6 1.3x10™ exp(-1.2554x10°/RT4)CcoCo2” Crzo”” | [7]
R7 1x10" exp(-8.3145x10*/RTy)CppCo2>° [7]
RS 5.012x10™ exp(2x10°/RT)Ccha’°Coy [7]
R9 2.78 exp(1.2554x10*/RT4)CrizoCeo [7]
R10 3.69 exp(4.659x10*/RTy)Cco2Cha [7]

4.9 Turbulence

Standard k-epsilon model was used in this research due to its capability of producing
accurate results with less computational power [32]. It has been the widely used
turbulent model in packed bed combustion modelling applications [22], [53], [111]-
[114]. Turbulent kinetic energy is presented by k and turbulent dissipation rate is
described by . y; is the turbulent viscosity. ok, 6. C; and C, are model constants

applied to standard k-epsilon model.

5(¢aigk) +V. ((I)pgkﬁ) =V (d) ((%Z) Vk) +2(|)|,ltsij,sij-¢pgg (4.24)
a(d);tgg) v (¢pg£ﬁ) -V (¢ (:_:) VS) G Ezd)”tsij' Sij'C2¢Pg§ (4.25)
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4.10 Radiation

DOM is applicable to both optically thin and optically thick problems and is able to
produce accurate results. Although DOM is available as an inbuilt model in
OpenFOAM, in the development of in-house solvers as in present work, including
DOM through solver codes is a complicated task. Therefore, P1 approximation is
used in the present work. In addition, P1 model is simple and computer resource

requirement is less [100]. Therefore, radiation intensity was modelled by Eq. (4.26).

4

1 , 0T,
VG-4rn | agn T+Ep -(agta, )G =0 (4.26)

' 3(ag+as+65)

Refractive index (n) of gas is assumed to be 1. The scattering coefficient is defined
by os. The radiation energy emitted from the particles is included by Eq. (4.27). The
surface area of the particle participating in radiation is expressed by A,. The
emmisivity of solid (e), is assumed to be constant throughout the simulations and

emmisivity of wood was used for e in the presented model.
E,=eA,oT; (4.27)

4.11 Bed shrinkage

In the present model, it is assumed that biomass bed shrinks while porosity remains
constant during the entire thermal conversion. The assumption of constant porosity
helps to maintain the stability of the solver. The effect of bed shrinkage is included
as a convective flux in solid phase conservation equations. Only the movement of
fuel towards the mesh due to shrinkage is assumed in this fixed grate combustion
model. The model assumes bulk movement of the bed and does not include
estimation on the irregularities present in bed shrinkage. The difference in solid bed
volume at two consecutive time steps is used to calculate volume reduction. If the
total mass of a cell is higher than a predefined value, its volume is added to the fuel

bed volume. The cells with lower total mass than the predefined value, are taken as
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cells with reduced volume and are subtracted from the solid bed volume. The
predefined value was obtained as 95 kgm™ by trial simulations of the system.
Variable B is used to identify the cells in the fuel bed according to the Eq. (4.28) and
Eq. (4.29).

B =1 total mass of the cell > 95 kgm3 (4.28)

B = 0 total mass of the cell <95 kgm3 (4.29)

Summation of the volume of cells that contains solids according to Eq. (4.30) results

in the fuel bed volume.

current bed volume = f BV, (4.30)

The difference in bed volume at two consecutive time steps is manipulated according

to Eq. (4.31) to calculate bed velocity due to shrinkage.

(bed volume at previous time step-current bed volume)

Uped = At Y (4.31)

In order to maintain the stability of the solver, bed velocity, upeg has to be maintained
below 0.1 ms™ in the packed bed model and 0.0001 ms™ in the moving grate furnace

model, respectively.

4.12 Thermophysical properties

4.12.1 Momentum resistance source term (Sp,)

A drop-in pressure inside the fuel bed is resulted by the resistance of the particles.
Relationship for calculation this resistance term is by the Ergun equation (Eq. (4.32))

[9].
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m
4.12.2 Dimensionless numbers

Nusselt number

Heat transfer calculation given in Eq. (4.5), is based on Nusselt number relationship.
Numerous formulations have been derived for different shapes under different flow
conditions are presented in [101], [115]. Nusselt number is represented as a
relationship between Reynolds number (Re) and Prandtle number (Pr). Nusselt
number for a sphere in a stationary fluid is 2. Nusselt number for a sphere which has

constant surface temperature in a flowing fluid is described by Eq. (4.33) [115].

Nu =2+0.6Re*pr* (4.33)

Nusselt number for a cylinder with constant temperature in a flowing fluid at low

velocities under steady state conditions is described by Eq. (4.34) [101].
Nu =W, (Re)Pr>**+W, (Re) (4.34)

Another correlation for the Nusselt number for cylinder is given by Eq. (4.35)

0.25
Nu = 2+(0.4Re**+0.06Re" %) P (%) (4.35)

Nusselt number for a particle that is in a bed of particles is different from that of an
individual particle. For a packed bed of spheres Nusselt number is expressed by Eq.
(4.36)
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Nu = 2+0.1Re*pr?# (4.36)

and another correlation given in Eq. (4.37) [116].

Nu = (7-10¢+5¢>) (1+0.7Re"*Pr***)+(1.33-2.4¢+1.2¢* )Re" P (4.37)

Sherwood number

Sherwood number correlations present in an analogous manner to the Nusselt
number. Sherwood number for different shapes depends on Reynolds number and
Schmidt number. Sherwood number for spheres, cylinders and flat plates is presented
in [115]. Sherwood number for sphere is described by Eq. (4.38).

Sh = 2+0.6Re*>Sc"? (4.38)

Sherwood number for a packed bed of spheres is presented by Eq. (4.39).

Sh=2+0.1Re*>Sc"*? (4.39)

4.12.3 Thermal conductivity

Thermal conductivity of both gas and solid affects the heat transfer in solid fuel
combustion. A number of formulations exist for thermal conductivity of gas and

solid phases as well as for packed bed of particles.

Thermal conductivity of gases is expressed by correlations presented in [117], [118].
Thermal conductivity of wood depends on temperature, density, composition,
structure and grain orientation in the direction of heat transfer. Different relationships
have been proposed to describe thermal conductivity of solids in packed beds.
Effective thermal conductivity of wood has been used in the solid phase energy

conservation equation [118]. This value is calculated based on thermal conductivity
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of solid in a non-moving fluid. A modification to this representation was used in
[119].

Effective thermal conductivity of fuel was calculated by combining, thermal
conductivity of fuel phase constituents and the radiation contribution within the pores
[8], [44]. In [120] contribution from radiative factor in the thermal conductivity was
not included. Modelling radiative heat transport within the solid phase by
conductivity term is valid for conversion of thermally thin particles in a thermally
thick bed during entire conversion. In order to estimate solid phase conductivity, heat
electrical analogy was used in [25]. They considered thermal conduction of solid as
equivalent to that through and contact point of spheres which are in series
connection. Nield and Bejan presented formulations for thermal conductivity where
heat conduction occurs in parallel and series. This parallel thermal conduction model
was used in [121] ,where one temperature model was used for evaluation of heat
transfer in packed bed gasification. In the present work thermal conductivity of gas is
calculated by Eq. (4.40) [118]. Thermal conductivity of solid was calculated by mass
weighted average of moist wood, char and ash as given in Eq. (4.41) [14]. Table 4.5

presents the thermal conductivities of solid phase constituents.
Ag=4.8x10*T, """ (4.40)

Xs = onod>"wood+Ychar>"char+Yash}Vash (4 4 1)

Table 4.5 Thermal conductivities of solid constituents

Constituent | Thermal conductivity (Wm™K™) Ref
Wood (0.129-4.9x107 Y,,) (1+(2.05+4 Y,,)x10%(T, -273.15))(0.986+2.695 Y,,) | [14]
Char 0.071 [14]
Ash 1.2 [26]
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4.12.4 Specific heat capacity

Specific heat capacity of a gas mixture is calculated by the individual specific heat
capacities of constituent gases. Therefore, mass weighted specific heat capacity can
be used to calculate the average specific heat capacity of a gas mixture. A simplified
approach for calculation of gas phase heat capacity was used by Jurena [20] which is
used in the present model (Eq. (4.42)).

Cp,=990+0.122T,-5680x10°T, (4.42)

Specific heat capacity of solid depends on its constituents. Therefore, specific heat
capacity was calculated based on the constituents as given below in Eq. (4.43).
Specific heat capacities of solid phase species were obtained by [16] (Table 4.6).

Cp s CpmoisturerOiSture+proodYWOOd+Cpchachhar+CpashYaSh (443)

Table 4.6  Specific heat capacities of solid constituents

Constituent | Specific heat capacity (JkgK™) | Ref
Moisture 4200 [16]
Wood 1500+T; [16]
Char 420+2.09T-6.85x107T2 [16]

4.12.5 Viscosity

Laminar viscosity of gas (i) was calculated by the relationship described in Zhou et
al. [118] (Eq. (4.44)).
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0.66

T
_ s( e (4.44)
n=1.98x10 (300)

The turbulent viscosity was calculated by Eq. (4.45) which describes turbulent
viscosity term related to standard k-epsilon model. C, is a constant which has the
value of 0.09 as applicable to standard k-epsilon model which was obtained by

comprehensive data fitting for turbulent flows.

k2
h=PyCus (4.45)

4.13 Equivalence Ratio calculations

The developed packed bed combustion model was used to calculate Equivalence
Ratio (ER) requirement for different sizes of wood particles. Model described in
Chapter 4 was used to simulate wood combustion and ER was calculated by Eq.
(4.46). Moles of air available, and moles of air required under stoichiometric

conditions were used in calculations.
(ER) = Actual air supplied /Stoichiometric air required (4.46)

Eq. (4.47) was used to calculate the stoichiometric air required for combustion. Y; is
the mass fraction of reactive gas species emitted in pyrolysis. M; is the molecular
weight of i"™ constituent and Qqio, Qo are stoichiometric factors of oxygen

participating in each gas phase and solid phase combustion reaction.

/ Wo0dx0.85 E (Yng’i"’)\
X X —_—
mwoo . Mi

Stoichiometric air required = 4.76 k ) (4.47)

mchar(2)
m ar M

C
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4.14 Numerical procedures

The open source software OpenFOAM was used to carry out CFD simulations.
OpenFOAM is a free software and provides the opportunity to access and modify the
source code. The computational mesh has to be developed in the first step of CFD
modelling. The blockMesh utility in OpenFOAM was used for mesh development.
Two different meshes were developed for packed bed combustion model and moving
grate combustion model. The mesh consists of hexahedron cells for the two models.
The setFields utility in OpenFOAM was used to set initial field values of packed bed
to the mesh. In-built PISO algorithm in openFOAM was used to solve the
conservation equations. PISO algorithm gives more stable results with less
computational time compared to other algorithms like SIMPLE and SIMPLEC. The
OpenFOAM programme developed for packed bed combustion model is included in
Appendix A. Discretisation schemes illustrated in Table 4.7 were applied to
discretise convective flux at cell faces.
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Table 4.7  Discretisation schemes for packed bed furnace

Term Discretisation schemes
V.((I)pguu) upwind

V.((I)pguYi) upwind

V.((I)pguCpng) upwind

V. (Upeqm, ;) MUSCL

V.((1-9)p,upeCps Ts) | limited linear 1

v (d)pgkﬁ) upwind
v (¢ngﬁ) upwind
v'(ugfatems,i) upwind
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Chapter 5

MODEL VALIDATION AND ER ANALYSIS OF PACKED BED
COMBUSTION

5.1 Experimental setup and boundary conditions

Mathematical model described in Chapter 4 was solved by CFD solving method in
OpenFOAM platform. The packed bed combustion model was validated with the
laboratory experiments. Then the model was used to analyse the excess air

requirement for combustion of different sized wood particles in packed beds.

Combustor illustrated in Figure 5.1 was used for experimental validation of packed
bed combustion CFD model. Combustor was fabricated by mild steel and has a
square cross section with side length of 300 mm and height of 600 mm. Fuel is
packed on a mesh fixed at the bottom of the combustor. Air for combustion is
supplied beneath the mesh. Air flow was manually controlled by an air flow valve to
maintain a constant level in a water column by an orifice meter. A weighing scale
(W) was used to measure the weight variation of the combustor with time. Three k-
type thermocouples were used to measure temperature at different heights.
Thermocouple 1 (Th1l) is placed at the bottom of the fuel bed. Second one (Th2) is
placed at 220 mm above the mesh and the third one (Th3) is placed at 40 mm below
the outlet. Bed height variation was measured by the vertical movement of the

pointer (H) shown in Figure 5.1

64



|

Thi

Figure 5.1  Laboratory scale batch type packed bed combustor

Inbuilt PISO algorithm in OpenFOAM was used to solve the gas flow inside the
combustor under transient conditions. Two-dimensional computational domain of
combustor geometry illustrated in Figure 5.1 Laboratory scale batch type packed bed
combustor was simulated by CFD method. Boundary conditions used in the
simulations are described in Table 5.1 Boundary conditions. Inlet air properties were
assumed to be that of atmospheric air. Inlet air flow velocity was measured for each
batch of fuel which gave the value of 0.18 ms™ for 25 mm (1 inch) sized particles.
Measured value of inlet air flow velocity was 0.12 ms™ for 38 mm (1.5 inch) and 63
mm (2.5 inch) sized particles. Inlet boundary conditions for variables in the
turbulence model were calculated by the estimations presented by Malalasekara [32].
No slip velocity condition is applied for walls of the reactor. For the temperature at

the wall, zero gradient boundary condition is applied. Since the walls of the
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laboratory scale combustor were not insulated a radiation heat loss term was applied

to the radiation intensity of combustor walls. Thermo physical properties used in the

simulations are included in Table 5.2.

Table 5.1  Boundary conditions for packed bed furnace
Variable | Inlet Outlet Walls
u 0.18 ms* for25 mm | aTy/oy=0 0oms™
sized particles
0.12 ms ™*for 38 mm,63
mm sized particles
P oP/oy=0 latm OP/ox=0
Ty 300 K 0T4loy=0 OTy/ox =0
Ts 300 K 0T¢/0y=0 0T¢/0x=0
Yi Atmospheric air oYiloy=0 oYilox=0
properties
k 2/3(UrefT)* Ti= 1% okloy=0 oklox=0
€ k**C,>"10.071 1=0.3 | ae/oy =0 de/Ox=0
m
G - 4eoTs" (Ts=solid - 4ecTy' - 4e6(Tean-300%),

temperature
immediately above the
grate)

Tmean:Ts'l'Tg
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Table 5.2  Fuel Specifications used in packed bed model

Property Value

Moisture 0.05 (Wet basis mass fraction)
Volatiles 0.85 (Dry basis mass fraction)
Char 0.145 (Dry basis mass fraction)
Ash 0.005 (Dry basis mass fraction)

Wood density | 499 kgm™, (bulk density of 159.8 kgm-3)

Weight per batch | 3.32 kg

Porosity 0.68
Wood

L 0.85
Emissivity

Mesh refinement was carried out for three different mesh resolutions to evaluate the
accuracy and the time required for simulations. Mesh sizes are 800cells (20 cells in
‘X’ direction, 40 cells in ‘Y~ direction - mesh 1), 1800 cells (30 cells in ‘X direction,
60 cells in Y’ direction mesh 2) and 7200 cells (60 cells in ‘X’ direction, 120 cells
in ‘Y’ direction mesh 3). Time step sizes used for the simulations are 0.02 s for mesh
1 and mesh 2. Time step size is 0.005 s for mesh 3. The results from the simulations
are compared to find the effect of mesh size for total mass of the batch for three
particle sizes. The results are presented in Figure 5.2, Figure 5.3 and Figure 5.4.
Average percentage change in the results between mesh 1 and mesh 2 for 25 mm
sized particles is 58%. Percentage change between mesh 2 and mesh 3 is 5.8% for 25
mm sized particles. Average percentage change in the results between mesh 1 and
mesh 2 for 38 mm sized particles is 16.9%. Average percentage change in the total
mass of the batch between mesh 2 and mesh 3 is 2.9% for 38 mm sized particles.
Average percentage change in the results between mesh 1 and mesh 2 for 63 mm
sized particles is 5.2%. Average percentage change between mesh 2 and mesh 3 is
2.6% for 63 mm sized particles. Change in the results is insignificant between mesh
2 and mesh 3. Therefore, mesh 2 has been selected for this study considering the less

computational time required. Tolerance for each variable was set to 10°.
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Figure 5.3  Mesh refinement for 38 mm sized particles
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Figure 5.4  Mesh refinement for 63 mm sized particles

5.2 Model validation

Mass fraction variation was used to validate the packed bed combustion model.
Validation results are shown for particle sizes of 25 mm (Figure 5.5), 38 mm (Figure
5.6) and 63 mm (Figure 5.7). Cubed shaped Rubber particles were used in the three
experiments. Inlet air flow velocity was maintained at 0.18 ms™ for 25 mm particle
size. Inlet air flow velocity was maintained at 0.12 ms™ for 38 mm and 63 mm
particle sizes. Fuel particles were packed up to an approximate height of 220 m. A
heat source placed on the mesh is used to ignite the bed. Figure 5.5 and Figure 5.6
show that there is good agreement between simulation results and experimental data.
The root mean square error is 0.06, 0.05 and 0.07 for 25 mm, 38 mm and 63 mm
particle sizes respectively. The air flow was manually adjusted during the
experiments to maintain a constant air flow which was the reason for the higher

deviation observed for 63 mm particle size.
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Figure 5.7  Model validation for 63 mm sized wood particles.

5.3 Thermal analysis of wood combustion in packed bed furnaces

5.3.1 Analysis of particle size effect for ER requirement for wood combustion in
packed bed furnaces

Furnace geometry, quality of the fuel used, and the air supply affect the performance
of furnace. Optimum combustion of wood is decided by adequate supply of air.
Insufficient amount of air causes pollutants to generate while high excess air
quantities will carry away the heat [122]. Quantity of excess air required for
complete combustion of wood in different furnaces has been stated in literature. For
wood fired boilers, Kubler stated that excess air requirement is 25% -50% [122]. As
stated by Hughes excess air requirement is 50% - 100% for burning moist wood in
boilers [123]. Recommended excess air ratio for biomass burning in a grate firied
furnace is 25% or above [124]. Combustion behavior of wood makes it difficult to
decide optimum amount of excess air required. Increase in burning rate with smaller
sized particles and variation of ER with particle size was observed by some
researchers [35], [44], [125], [126]. Spatial variation of temperature and wood
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particle size in a fixed bed furnace makes the reaction rate to change spatially within
the combustor. The effect of particle size on ER ratio was observed in [35], [125],
[126]. Recommendation of common ER for different sized particles results in

inefficient combustion in furnaces.

Many researchers have done experimental and model-based studies on wood
combustion in fixed bed furnaces. The main areas of studies were the effect of
particle size variation, shape, inlet air flow rate and moisture content in fixed bed
combustions. Effect of particle size, air flow rate and bulk density on the ignition
front speed, burning rate, percentage of mass loss, ER and temperature gradient was
researched by experimental studies done by Yang et al for biomass combustion in
packed beds [125]. When the air flow rate is increased, they observed increased
ignition propagation speed and increased mass loss rate. Lower ignition front speed
and burning rate was observed for larger particle sizes [125]. Above mentioned
variations in packed bed combustion was described by a mathematical model
developed for thermally thin particles [35]. They witnessed low values of ER for

small particle sizes.

Consequences of variation of quantity of excess air and particle size on CO, and CO
concentration profiles, combustion efficiency and temperature profile for fluidized
bed combustion of biomass were studied by Suranani et al [127]. For fixed excess air
amounts, lower temperature inside the reactor was observed for large particle sizes,
while higher temperature inside the reactor was observed for small particle sizes.
Pérez et al studied influence of particle size and superficial velocity on temperature,
maximum temperature inside the bed, flame front velocity, biomass consumption
rate, and composition and calorific value of the producer gas in a fixed bed down
draft biomass gasification [126]. Increase in particle size causes the maximum
temperature to decrease while increase in ER causes maximum temperature to
increase. One-dimensional, steady state numerical model was used to analyse a top
feed, updraft, and fixed bed furnace by Bryden and Ragland [128]. The model was
used to study influence of bed height, under fire air flow rate, wood particle size and

under fire air pre heat temperature to obtain a required heat generation rate in the
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furnace. Model predicted a low heat release rate for larger wood particle sizes.
Existence of a relationship between particle size and equivalence ratio was observed
by these researchers. Apart from the general recommendations presented in some
literature [122] optimum ERs for wood combustion in packed beds have not been

studied hitherto.

Efficient combustion with less pollutant can be achieved by assuring suitable amount
of air supply. Relationship of ER with other operating variables can be used to
control the air supply to achieve efficient combustion with less pollutant. Particle
size affects the reaction rates of solids and heat and mass transfer between gas and
solids, as described by Eq. (4.4), Eq. (4.5), Eq. (4.7), Eq. (4.15), Eq. (4.16) and Eq.
(4.18), in the presented model. Therefore, effect of particle size, an important factor
which influences the ER ratio is studied by packed bed wood combustion model
presented in Chapter 4, and optimum ER values for different particle sizes of wood

were also evaluated and presented.

- [Neweed |

Drying

Volatile release Volatile release

T Ignition front

Ignition front

Char burning Char burning

time (t), mass (mt) time (t+At), mass (mt-/_\m)

Figure 5.8 Ignition front propagation in continuous feeding arrangement

In the initial stage of combustion fuel gets heated and moisture starts to evaporate. At

the next stage, fuel is ignited and ignition front starts to travel through the bed. This
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occurs at a constant speed according to properties and flow conditions that exist
within the bed. This constant speed of ignition front propagation results in mass loss
rate to proceed at a constant speed. Once the ignition front comes to final fuel layers
char burning becomes significant. Constant mass decrease rate can be maintained for
a longer time if the existing fuel is adequate for the ignition front to travel through.
By supplying quantity of fuel which is equal to the mass reduction (Am) within time
step (At), amount of fuel available for combustion will be positioned to a state at time
(t) (Figure 5.8). Hence ignition front continues to travel in the same speed as in the
batch reactor as long as the mass reduction rate is refilled by an equivalent feeding
rate to the furnace when all the operating conditions remained unaltered. Therefore,
steady state burning characteristics of such continuously operated furnace can be
predicted by combustion behaviour within the period in which decrease in mass
occurs at a constant rate in a batch type furnace. Therefore, optimum ER values
deduced within the constant mass reduction rate period for a batch type furnace can
be used as optimum ER values for continuously operated furnace where same
operating conditions like fuel properties, air flow, and furnace geometry are
maintained as in a batch type reactor. Optimum ER ratios in this study were
calculated by decrease in mass within the so observed constant mass loss rate period.

5.3.2 Discussion on simulation results

Effect of particle size for ER was studied through simulations for batches of wood
cubes of three particle sizes; 25 mm, 38 mm, 63 mm. Furnace geometry and other
conditions were similar to that of the validation described in Section 5.1 and Section
5.2. For the three particle sizes similar fuel properties were used for moisture
content, volatile content etc. Simulated and measured mass variation results
illustrated in Figure 5.5, Figure 5.6 and Figure 5.7, show a constant mass loss rate
between initial and final burning periods. Figure 5.9 shows a similar pattern for the
three particle sizes at flow rate of 0.12 ms™. Within the initial heating up period, it
can be observed that large sized particles (63 mm, 38 mm) heat up rapidly than the
smaller sized particles. In the model, heat is supplied to the solid phase by an ignition
heat source. The air at 300 K is supplied under the fuel bed. Heat supplied to fuel

phase will be readily transferred to the gas when the particle sizes are smaller due to
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larger specific surface area available for heat transfer. Heat transfer to the gas phase
is reduced for larger sized particles which have smaller specific surface area. This
proceeds until the ignition occurs. Once the ignition starts ignition front propagates
through the bed at a constant speed. Constant mass loss rate period similar to present
study was observed in the researches described in [9], [64]. Drying, pyrolysis and
char burning reactions proceed at a constant rate throughout the bed until there is
sufficient quantity of fuel. The rate of decrease in mass observed within this period
can be used as the feeding rate for a furnace which is operated continuously, and the
burning characteristics observed within the period become the steady state
characteristics of the continuously operated combustor. Therefore, ER was calculated
based on decrease in mass observed within the constant mass loss rate period by Eq.
(4.46) and Eq. (4.47) for each particle size separately. This ER can be used as ER
ratio for a continuously operated furnace. The ER results are shown in Table 5.3.

Mass of batch (kg)

0 500 1000 1500 2000 2500 3000
Time (seconds)

Figure 5.9  Simulated mass variation of biomass bed for three different particle
sizes at the same air flow rate
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Table 5.3  ER for packed bed combustion of different sized wood particles at inlet
air flow velocity of 0.12 ms™

Particle size (mm) | ER

25 0.28
38 0.44
63 0.76

An increase in ER can be observed with the increase in particle size (Table 5.3).
Highest ER is observed for the largest sized particles of 63 mm. Lowest ER is
observed for the smallest sized particles of 25 mm. Small sized particles offer larger
surface area per unit volume (specific surface area) for the heterogeneous reactions
as well as for the heat and mass transport. According to Eq. (4.14) and (4.15),
diffusion of reactive gas species to the particle is high due to smaller particle
diameter. Therefore, when the particle size is small, both pyrolysis and char reaction
rates are high. This explains the reason for high rate of reduction of mass observed in
Figure 5.9 for small sized particles. Elevated reaction rates will release more volatile
gases and heat. Oxygen that is consumed by increased solid phase reaction rates and
gas phase reaction rates results in low ERs. Low specific surface area available for
heat and mass transfer and heterogeneous reactions for large sized particles, reduces
heat transport and diffusion rate of reactive gaseous agents. Therefore, pyrolysis and
char reaction rates are reduced. Thus, Figure 5.9 shows a lower mass reduction rate
for larger particle sizes. Release of pyrolysis gases and heat will be slowed down

which in turn reduces the gas phase reactions.
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Figure 5.11 Simulated outlet CO mass fraction
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Figure 5.12 Simulated outlet CH4 mass fraction
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Figure 5.13 Simulated outlet gas temperature
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When the four figures, Figure 5.10 to Figure 5.13 are compared, the respective
time window at which the maximum CO; fraction, maximum CO fraction, maximum
CH, fraction and highest temperature occur coincides with each other for each
particle size. It can be further observed that this is within the constant mass
reduction rate period for each particle size. Hence the above parameters illustrate the
characteristics of a continuously operated combustor which has a feeding rate equal
to mass reduction rate within the constant mass reduction rate period for a batch type

reactor for each particle size.

Small particle sizes offer large specific surface area for heat and mass transfer as
well as for the heterogeneous reactions. Penetration of heat and diffusion of reactive
gases to the centre of the particle is high. Therefore, solid phase reactions proceed at
a rapid pace. High volatile release rate from the solid phase increases the gas phase
CO,, CO and CHy fractions for small particles (Figure 5.10, Figure 5.11 and Figure
5.12). Increased diffusion of oxygen to the particles results in efficient combustion.
This will increase heat generation in the solid phase. Heat is transferred to the gas
phase and provides required temperature for the gas phase reactions which increases
the gas phase temperature. Although distinct difference in maximum CO fraction
cannot be observed among three particle sizes, the average CO fraction and the total
mass of CO emitted is lowest for 25 mm particle size (see Figure 5.11). The higher
released rates of volatiles to the gas phase increase CO fraction in the gas phase
while high temperatures promote the reaction of CO with oxygen to generate more
CO; as in Figure 5.10. Although the high mass reduction rates with high reaction
rates at 25 mm produces more CO, high temperature promotes the combustion of
CO, which reduces CO fraction in gas phase. In addition, more oxygen is available
for the solid phase combustion reactions which contribute to high CO, fraction in the
outlet gas stream. Simulated profiles of CH4, CO, CO, and gas phase temperature
agree with the above description (see Figure 5.14). Observed concentration of CHy,
CO, CO; and gas phase temperature are higher at the centre compared to the sides of
the furnace for the three cases observed. Heat loss terms were added to the walls of

the reactor as boundary conditions. Therefore, generated heat gets lost from the
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walls, which intern reduces the reaction rates near the walls, which is associated with

the observed difference in species and gas phase temperature profiles.

High reaction rates for smaller particle sizes consume more oxygen. Therefore,
smaller particles can combust with high efficiency and give higher temperature
which results in less excess air amounts. When the particles are larger, surface area
available for heat and mass transfer reduces and resistance to diffusion of reactant
gases increases. The area available for solid phase reactions also decreases. The
reaction rates in the solid phase are low. Limited amount of oxygen is available for
combustion reactions, which consequently reduces heat generated in the solid phase.
Therefore, reactions will not propagate through the bed as fast as smaller particles.
The heat generated in the solid phase will not be able to increase the gas phase
temperatures as for smaller particle sizes. Gas phase reaction rates will be slowed
according to the existing temperature in the gas phase. Reaction of CO with oxygen
does not progress due to low temperature in the gas phase. In addition, once the
oxygen is depleted by solid phase combustion, gasification reactions are promoted.
This results in higher average CO fraction (Figure 5.11) with lower CO, fractions
(Figure 5.10). Therefore, larger particles combust with less efficiency and lower

temperatures and results in high excess air amounts.
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Figure 5.14 Simulated gas phase temperature and species profiles at 1100 s
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Simulations were run at air flow velocities of 0.18 ms™, 0.12 ms™ and 0.05 ms™ to
study the ER variation for particle sizes of 25 mm, 38 mm and 63mm. Figure 5.15
shows the variation of ER with air flow velocities for three particle sizes for fixed
bed combustion in the lab scale furnace used in the present study (Figure 5.1). ER
was calculated within the constant mass reduction rate period. ER increases with the
size of the particle for the same flow velocity and also increases with the increased

air flow velocity.

16 T T T T T k
—©—25mm
—8— 38 mm

14 F —¥— 63 mm i

12 .

Equivalence Ratio
o

[04] -

T T

o
[o)]
T

0.2

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Inlet Air Velocity (ms'1)

Figure 5.15 ER variation with inlet air flow velocity for 25 mm, 38 mm and 63 mm
sized particles

The most suitable ER which gives maximum outlet gas temperature with minimum
CO fraction (average) inside the reactor was identified for each particle size through
simulations. Table 5.4 shows the maximum outlet gas temperature variation for the
calculated ERs for the three particle sizes. The maximum temperature of 924 K is
illustrated for ER of 0.28 for 25 mm particle. Although the observed CO fraction at
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0.28 ER is slightly higher than the CO fraction observed at 0.59 ER, the outlet gas
temperature is comparatively higher at 0.28 ER. The maximum temperature of 883 K
was reported at ER of 0.13 for 38 mm particles. The lowest CO fraction of 0.006 is
observed at the same ER which resulted in the maximum temperature. 63 mm sized
particles resulted in maximum temperature of 877 K at ER of 0.18. At the ER ratio of
0.18, the CO fraction is the second lowest with the value of 0.009. This value is
higher than the CO fraction of 0.006 reported at ER of 1.58 due to less oxygen
present. ER of 1.58 presented a maximum outlet gas temperature of 532 K, which is
considerably lower than the temperature of 877 K at ER of 0.18. The optimum ER
value for 38 mm particle is lower than that for 63 mm particle size. From the selected
inlet air velocities, optimum ER for both 38 mm particle and 63 mm particle are
observed at 0.05 ms™. At same air flow rates, larger particles burn with lower mass
loss rates than the smaller particles. Therefore, ER is high for the large sized
particles. Further reduction in air flow velocity causes the combustion to extinct.

The maximum bed temperature decreases when the particle size increases for inlet
air flow velocity of 0.05 ms™. Oxygen availability controls the reaction rates at low
air flow rates [45]. Therefore, high diffusion rate of oxygen for small sized particles
increases the bed temperature at low flow rates. The reported bed temperature
increases when the particle size increases for flow rate of 0.18 ms™. This is due to the
fact that lower specific surface area available for larger particle sizes which reduces
the convective cooling at higher air flow rates while high oxygen availability
increases the solid phase reactions. Deviation occurs for 38 mm particle at 0.12 ms™
velocity, may be due to the bed movement which affects the solid phase temperature.
For the particles of same size, optimum ER ensures the availability of sufficient
oxygen for the reactions to occur and to achieve good temperatures and low CO
fraction. When the ER is increased more than a certain limit, generated heat is
carried away and diluted by the gas flow and the gas phase temperature is decreased
which in turn increases the CO fraction. Further increase in ER, reduces bed
temperature which results in low volatile release, therefore low CO fractions. When
ER is reduced for the combustion of same sized particles, lack of oxygen reduces the

combustion reaction rates where the gasification reactions are promoted, which

83



results in a decrease in gas phase temperature and increase in CO fraction.
Consequently, optimum ERs calculated for the furnace illustrated in Figure 5.1,
under the above-mentioned operating conditions are 0.28, 0.13 and 0.18 for the
particle sizes of 25 mm, 38 mm and 63 mm respectively. According to simulation
results, combustion performance highly depends on furnace configuration.
Developed CFD model in the study can be used to analyse and optimise particulate
biomass combustion in a given furnace configuration. The relevant codes are shown
in the Appendix A.
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Table 5.4  Simulation results for 25 mm, 38 mm and 63 mm sized particles at
different ERs

Particle size | Parameter Inlet air velocity (ms™)

(mm)
0.05 0.12 0.18

25 ER 0.08 0.28 0.59
Maximum bed temperature (K) 1178 789 612
Maximum outlet gas temperature (K) | 886 924 631
Average CO fraction inside the | 0.007 0.006 0.006
reactor

38 ER 0.13 0.44 1.08
Maximum bed temperature (K) 1026 773 665
Maximum outlet gas temperature (K) | 883 702 575
Average CO fraction inside the [ 0.006 0.009 0.007
reactor

63 ER 0.18 0.76 1.58
Maximum bed temperature (K) 1019 864 822
Maximum outlet gas temperature (K) | 877 615 532

Average CO fraction inside the [ 0.009 0.010 0.006
reactor

5.4 Sensitivity analysis for ER

An additional set of simulations were carried out for the packed be geometry
described in Figure 5.1 with inlet air flow velocity (u) of 0.12 ms™, to evaluate the
degree of importance of particle size and initial moisture content of wood on ER of
packed bed combustion. For each parameter +10% deviation from the reference
value was evaluated and only one parameter was changed at a time. The reference

value for moisture content was 30% (wet basis) selected considering common value
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of moisture content in wood used in packed bed furnaces [3]. The particle size was
selected as 38 mm (1.5 inch). Table 5.5 shows the values of each parameter used in
the analysis. Table 5.6 shows the calculated sensitivity of moisture content and
particle size. Sensitivity is defned as the ratio between percentage change in outputs

to percentage change in input variables.

Table 5.5  Sensitivity factors for particle size and moisture content

Parameter Reference value | -10% | +10%
Particle size (mm) 38 342 418
Moisture content (%) | 30 27 33

Table 5.6  Sensitivity of ER to particle size and moisture content

Parameter Sensitivity of ER
Particle size (-) 0.9298
Particle size (+) 0.6029

Moisture content (-) | 1.0710

Moisture content (+) | 0.8375

Highest sensitivity can be observed for moisture content in the wood. Therefore,
moisture content of wood is the most significant variable which affects the ER in

packed bed combustion. For optimum ERs moisture content should be controlled.
5.5 Conclusions

Particle size effect for ER in packed bed combustion of wood was investigated by
CFD modelling. A constant mass reduction rate period was observed for a batch type
furnace. Ignition front travels throughout the bed at a constant speed during the
constant mass reduction rate period. Constant mass reduction rate period can be

continued for a longer time if it is assured that adequate quantity of fuel is available.
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Performance of the batch type combustor within constant mass reduction rate period
can be used to illustrate the performance of a continuously operated furnace which is
at steady state and in which the feeding rate is assumed to be equal to the rate of
mass reduction where same operating conditions are maintained. Therefore, ER ratio
analysed for a batch reactor within the constant mass reduction rate period can be
used to represent the ER for a continuously operated reactor under same conditions.
Increase in particle size shows decrease in flue gas temperature with increased CO
concentration. Thus, specifying common ER for different sized wood or biomass fuel
combustion is not suitable. Therefore, ER must be recommended corresponding to
the particle size to achieve optimum efficiency and optimum heat in industrial wood
furnaces. Furnace shown in Figure 5.1 was numerically simulated and optimum ER
for combustion of three particle sizes of wood was studied. For 25 mm sized particles
optimum ER was identified as 0.28, which gives maximum gas temperature with
second lowest CO fraction. Maximum gas temperature and minimum CO fraction
was observed at ER of 0.13 for 38 mm sized particles. The largest sized particles of
63 mm require ER of 0.18 to have the maximum gas temperature and second lowest
CO fraction. Although, the obtained optimum results cannot be generalised for other
furnace geometries and particle sizes, constant mass loss rate obtained by developed
model can be used to evaluate the optimum ER for furnaces with different operating
conditions. Sensitivity analysis was carried out to evaluate the relative significant of
the two parameters, particle size and moisture content on ER. Moisture content was
identified as the most significant factor for determining ER, therefore, which has to

be controlled to optimise ER.
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Chapter 6
WOOD COMBUSTION IN MOVING GRATE FURNACES

6.1 Packed bed combustion in moving grate furnaces

Moving grate combustion provides the opportunity to fire biomass fuels with
different properties. Fuels with large particle sizes and high moisture contents can be
burnt in moving grate furnaces [124]. Description of moving grate combustion
process is required for optimum operation of moving grate furnaces. Numerical
modelling of moving grate processes has attracted the attention of researchers due to
difficulties and costs associated with experimental work on full scale moving grate

furnaces.

In the present research a heterogeneous mathematical model was developed for
combustion of biomass in a travelling grate furnace (Figure 6.1). The packed bed
combustion model presented in Chapter 4 was further developed and used to
simulate the moving grate combustion process. Movement of solid along the grate is
included into the model through boundary conditions similar to the approaches used
in [21], [43], [66]. Full coupling between fuel phase and gaseous phase solves both
solid phase and gas phase variables simultaneously. Full coupling between packed
bed and free board with the movement of grate through boundary conditions does not

characterize the models reviewed so far.

Moving grate (continuously operated)

Figure 6.1  Wood combustion on moving grate furnace

88



The presented model for moving grate combustion is an extention of the developed
fixed grate, packed bed combustion model presented in Chapter 4. Therefore,
conservation equations for gas phase variables, models for turbulence and radiation
and description of other physical and chemical phenomenae which were included in
the packed bed combustion model are included unaltered in the moving grate
combustion model. To charcterise the solid movements due to grate movement,
additional convective flux terms were included in the solid phase conservation
equations. The grate velocity Ugrte IS Used to describe the convective flux of solids.
The solid phase species and energy conservation equations for moving grate furnace
are modified as in Eq. (6.1) and Eq. (6.2).

Solid phase

Species conservation equation

ams,i/at +v-((ubed+ugrate)ms,i) = Z Rs,i (61)
Energy conservation equation

a((l 'd))pscpsTs)/at +V.(( 1 '(b)ps (ubed+ugrate)cpsTs) = +V'(7\’SVTS)
'hAspeciﬁc (Ts 'Tg)

(6.2)
+ Z Rs,iHs,i

4
+4eG — AspeciﬁcasGTs

6.2 Numerical procedures

PISO algorithm in OpenFOAM was used to carry out CFD simulations as for the
packed bed combustion model. The solver codes developed in OpenFOAM for
moving grate furnace is shown in Appendix B. The blockMesh utility in
OpenFOAM was used for mesh generation. The geometry of the moving grate
furnace was devided into hexahedron cells using blockMesh utility. The

descretizisation schemes used in the simulations are tabulated in Table 6.1.
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Table 6.1  Discretisation schemes for moving grate furnace

Term Discretisation schemes
v.(q)pguu) upwind

V.((I)pguYi) upwind

V.((I)pguCpng) upwind

V. (Upeqm, ) MUSCL

V.((1-0)p upeqCps Ts) | MUSCL

V. ((I)pgkﬁ) bounded upwind
V. (¢pgga) bounded upwind
v'(ugraterns’i) UpWind

V.((1-0)p Ugrare Cps Ts) | limited linear 1

6.3 Wood combustion on moving grates

The moving grate model described in Section 6.1 was used to analyse wood
combustion in moving grate furnaces. Graphical illustration of the moving grate
furnace is shown in Figure 6.2. Boundary conditions used in the simulations are
shown in Table 6.2. Simulations were run for particle size of 38 mm. Wood is filled
up to a height of 0.2 m at the fuel inlet. The grate is moved at a velocity of 0.002 ms™
in ‘X’ direction. The described domain is divided into 120 cells in “X” direction 60

cells in “Y” direction. The time step for the simulation is set to be 0.01 seconds.
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Figure 6.2 Moving bed furnace geometry

91



Table 6.2  Boundary conditions for moving grate furnace

Boundary
Fuel Inlet Fuel QOutlet Grate Gas Outlet
Fuel
phase
Ps 499 kgm® om/ox =0 om/ay =0 -
Ts 300 K OTglox =0 800 K -
Gas
phase
u oms* oms* 0.12 ms™ aUloy =0
Ty OTglox =0 OTglox =0 300 K O0Tyloy =0
Yi aYilox =0 oYilox =0 Atmospheric air | gYi/oy =0
properties
P oPlox =0 oP/ox =0 oPloy =0 1.013 x10° Pa
G '4eG(Tmean4'3004) y '4eG(Tmean4'3004) y 4CGT54 '4eGTg4
Tean = TS+T9 Tmean:Ts"'Tg
AY4
K] 23Uy oKIox = 0 okIdy = 0 okIdy = 0
Ti=1%
32~ 0.75 _
e KGO0 delox =0 deloy =0 Beloy =0
I=0.3m

The simulations were performed to study variation of gas phase temperature, solid
phase temperature, gas species and solid phase species variations along the grate

length.
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Figure 6.3  Bed temperature variation along the grate
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Figure 6.4  Gas temperature variation along the grate
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Figure 6.5 Gas compositions along the grate

The simulated results after achieving steady state conditions in moving grate furnace
are discussed below. Figure 6.3 shows temperature variation of the bed along the
grate at the bottom of the bed and 0.2 m above the grate. A sharp increase in bed
temperature can be observed near the fuel inlet at the bottom of the bed. At the
surface of the bed this sharp increase in bed temperature is observed around 0.2 m
away from the fuel inlet. A heap of fuel is placed near the inlet at the beginning of
the simulation which spreads up to a length of 0.3 m along the grate. When the fuel is
ignited from the bottom it starts to burn from the edge of the heap and temperature at
this edge increases sharply. After reaching steady state, peak temperature occurs near
the same position where the above described burning occurs. Therefore, highest
temperature occurs at some distance away from the fuel inlet. Similar observation
was made by Yang in experimental measurements conducted in a full scale moving

grate furnace, where the length of the grate is 10 m [21]. A sharp increase in
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temperature was observed at 2 m length from the fuel inlet. Fluctuations in
temperature can be observed through out the grate length which is due to the
movement of the fuel. After 0.4 m from fuel inlet, major fraction of fuel is
consumed. Therefore, heat generation in the solid is decreased and the solid phase
mass is also decreased. With the incoming air from the bottom of the grate which is
at 300 K, the bed cools down to a temperature as 300 K. The bed temperature
fluctuates between 300 K and 1500 K after reaching steady state in the present
simulations. Similar fluctuations were observed in the measured data reported in [21]

with temperature fluctuations between 1273 K and 350 K.

Similar to solid temperature, gas temperature shown in Figure 6.4, shows sharp
increase at 0.2 m from fuel inlet. The peak gas temperature at 0.2 m above the grate
is above 900 K. Peak temperature at the top of the furnace (0.6 m above the grate) is
below 900 K. The gas phase temperature is high near the bed surface due to
convective heat transfer from the bed surface. After initial increase in temperature
gas phase temperature decreases considerably and lies around 750 K to 800 K. This
is due to consumption of volatile fraction of fuel within the first 0.4 m of the grate

length.

When the simulation results are compared with measured data for a furnace of 1.4 m
in length and 0.7 m in height reported in [129], highest temperature of the gas phase
observed at the free board at the fuel exit is in the same temperature range (around
700 K - 800 K). According to [129] the highest temperature (around 825 K) was
observed 0.5 m away from the packed bed surface, whereas the temperature at the
packed bed — free board interface was low (around 675 K). According to the present
model the maximum temperature observed at the packed bed-free board interface

near the fuel outlet is around 800 K.

According to gas composition shown in Figure 6.5, O, concentration decreased after
0.2 m from the fuel inlet. Oxygen is consumed by volatile reactions and char
reactions. Increase in CO, concentration is observed at 0.2 m from fuel inlet due to
volatile combustion. A decrease in CO, concentration is observed afterwards with an

increase in CO concentration which, can be described by the char gasification

95



reaction with CO,. Further to that low temperature in gas phase is not favourable for
CO conversion process, which increases the CO fraction in the gas phase.
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Figure 6.6  Moisture variation along the grate after reaching steady state
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Figure 6.7 Wood mass variation along the grate after reaching steady state
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Figure 6.8  Char variation along the grate after reaching steady state
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Figure 6.9  Ash variation along the grate after reaching steady state

Figure 6.6, Figure 6.7, Figure 6.8 and Figure 6.9, show moisture, wood, char and ash
variation along the grate respectively. The shrinkage effect is not clearly visible in
the simulated solid phase constituents as the velocity due to shrinkage has to be

maintained below 0.0001ms™ to maintain the solver stability.
6.4 Conclusions

A comprehensive CFD model was developed which includes the progression of fuel

along the grate by boundary conditions and which can simulate the bed and free
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board simultaneously. Therefore, the model is an advanced model over the models
that have been presented so far in the literature. Simulated results are qualitatively in
similar range with the measured data obtained in industrial scale moving grate
furnaces. The validity of the model has to be checked quantitatively with the
measured data. The bed velocity due to shrinkage has to be limited to maintain the
stability of the solver and the methods to improve the stability have to be used. Since
the model predicts the transient operation of moving grate furnace it can be used for

predictive model control applications.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

A comprehensive mathematical model was developed and solved by CFD method for
wood combustion in packed beds. Analysis of pyrolysis kinetics of Rubber and
Gliricidia wood types was done in the research. This research consists of a fixed
grate combustion model and a wood combustion model for moving grate furnaces.
Two models are heterogeneous models developed within Eulerian framework. The
fixed bed combustion model was validated with experimental results for mass
variation of different sized particles and was used to study the particle size effect for

ER requirement for packed bed combustion of wood.
7.1 Kinetic study of local wood types

Rubber and Gliricidia are popular fuel wood types in thermal applications in Sri
Lanka. Therefore, kinetic analysis of these woody biomass types was conducted. The
pyrolysis Kkinetics found out in this study is useful in designing and optimisation of
performance of thermal conversion equipment, where these local fuel wood varieties

are used.
7.2 CFD simulation of wood combustion in packed bed furnaces

Gas and solid two-phase transient model developed in this study was validated by
laboratory scale packed bed combustor. The CFD model solves both free board and
packed bed zone simultaneously. In addition, model solves solid phase reactions, gas
phase reactions, bed movement, turbulence and radiation heat transfer. Therefore, the
model is comprehensive and variation of system parameters like flow velocity,

ignition heat should be limited for a given furnace configuration.
7.3 CFD simulation of wood combustion in moving grate furnaces

Fully coupled wood combustion model was developed which represents continuous
progression of fuel on the grate due to grate movement. The presented model is able

to predict gas and solid phase temperature and species variations. The CFD
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simulations help to understand the packed bed combustion in moving grate
configuration, which is commonly used in industries. The developed solver in this
study is useful in designing and optimising continuously operated moving grate

biomass furnaces. Relevant CFD codes are presented in Appendix B.

7.4 Recommendations and future works

7.4.1 Kinetic study

Gaseous emissions of pyrolysis affect the combustion process. In the present
evaluation emission profiles were not studied due to experimental limitations.
Therefore, more insight of the pyrolysis characteristics can be drawn from such

analysis.

7.4.2 Packed bed wood combustion model

In the present model radiation was modelled by P1 modelling approach. DOM model
which is more accurate and appropriate modelling method was not used due to
complications in angular descretizisation and defining boundary conditions in
OpenFOAM. The method of implementing DOM model for in-house solver codes
should be studied. Since the present simulations were carried out for two-dimensions,
in future analysis it can be extended for three-dimensional analysis according to the
requirement. In the presented model global one step kinetics was used to simulate the
pyrolysis process. Evaluated DAEM Kkinetics can incorporated in the model to

describe pyrolysis.

7.4.3 Moving grate combustion model

The moving grate combustion combustion model was an extension of the previously
developed fixed grate type packed bed combustion model. The packed bed model
was validated with experiments conducted in a laboratory scale combuster due to
difficulties in finding experimental facilities to validate moving grate furnace model.
The validity of the moving grate model must be evaluated by the experimental data
presented in literature for moving grate furnaces. The presented model can be used to

study time and space varying nature of combustion in moving grate type furnaces by
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applying time dependent boundary conditions and variable boundary conditions
according to grate position. Since this moving grate model is a transient model which
solves both the gas and solid phases simultaneously, this model can be used for

predictive model controlling to optimise combustion.
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APPENDIX A- OpenFoam Programme for Packed Bed Combustion

___________________________________________________________________________ *\
\
F ield | OpenFOAM: The Open Source CFD Toolbox
O peration |
A nd | Copyright (C) 2011-2013 OpenFOAM Foundation
Manipulation |
License
This file is part of OpenFOAM.
OpenFOAM is free software: you can redistribute it and/or modify it
under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.
OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License
for more details.
You should have received a copy of the GNU General Public License
along with OpenFOAM. If not, see <http://www.gnu.org/licenses/>.
Application
PackedbedFoam
Description
Transient solver for incompressible, laminar flow of Newtonian fluids.
A\ * /

#include "fvCFD.H"

#include "fvcVolumeIntegrate.H"
#include "pisoControl.H"
#include "OFstream.H"

#include "wallDist.H"

//*************************************//

int main(int argc, char *argv[])
{
#include "setRootCase.H"
#include "createTime.H"
#include "createMesh.H"

pisoControl piso (mesh) ;

#include "createFields.H"
#include "nut.H"
#include "initContinuityErrs.H"

//‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k**********************//

Info<< "\nStarting time loop\n" << endl;

while (runTime.loop())

{

Info<< "Time = " << runTime.timeName () << nl << endl;

volScalarField nu

(

nu",
(1.98e-5) *nu_c* (Tg/ (300*Tc) )/ (rhog/rhoc)
) i

volScalarField nuporosity
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(
"nuporosity",
nu*bedporosity
)i

volScalarField nutporosity
(
"nutporosity",
nut*bedporosity
)i

volTensorField velocityGradient
(
"velocityGradient",
fvc::grad(U)
) i

volTensorField S
(
IIS",
0.5*% (velocityGradient+T (velocityGradient))
)i

volScalarField SintoS
(
"SintoS",

S && S

) i

volTensorField turbulance
(
"turbulance",
2*nut*S-2/3* (k+ksmall) *I
)i

volVectorField momentumresistance
(
"momentumresistance",

( selectionvalue*150% (1-0.5)*(1-0.5)*nu/ ((dp_o) *(dp o) *0.5%0.5) *mag (U) * (-
shrinkagevector)+1.75* (1-0.5)/ ((dp_o) *0.5) *mag (U) *mag (U) * (-
shrinkagevector) ) * (Time/unitlength)

)

#include "particlesize.H"

#include "variables.H"

#include "Gasdiffusioninsideparticle.H"
#include "shrinkage.H"

#include "phibed.H"

#include "Reactionrates.H"

// Solve Gas Phase Velocity and Pressure Equations:

fvVectorMatrix UEgn
(
fvm: :ddt (bedporosity, U)

+ fvm::div (phis, U)
- fvm::laplacian (nuporosity, U)

)i

solve (UEqn == -fvc::grad(p) *bedporosity-fvc::div (turbulance) -
momentumresistance) ;

// --- PISO loop

while (piso.correct())
{
volScalarField rAU(1.0/UEgn.A());
volVectorField HbyA (constrainHbyA (rAU*UEqn.H(), U, p));
surfaceScalarField phisHbyA
(
"phisHbyA",
fvc::flux (HbyA)
+ fvc::interpolate (rAU) *fvc::ddtCorr (U, phis)
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)i
adjustPhi (phisHbyA, U, p);

// Update the pressure BCs to ensure flux consistency
constrainPressure (p, U, phisHbyA, rAU);

// Non-orthogonal pressure corrector loop
while (piso.correctNonOrthogonal ()
{

// Pressure corrector

fvScalarMatrix pEqgn
(
fvm::laplacian (rAU, p) ==
(1/bedporosity) *fvc: :div (phisHbyA) +gasgeneration/rhog
)i

pEgn.setReference (pRefCell, pRefValue);
pEgn.solve (mesh.solver (p.select (piso.finalInnerIter())));

if (piso.finalNonOrthogonallIter())

{
phis = phisHbyA - pEgn.flux();

}
#include "continuityErrs.H"

U = HbyA - rAU*fvc::grad(p);
U.correctBoundaryConditions () ;

}
// —--End Piso loop

#include "kepsilon.H"

#include "heatrelease.H"

#include "radiation.H"

#include "TgEgn.H"

#include "TsEgn.H"

#include "gasspeciesconservationEgn.H"
#include "solidmassconservationEqn.H"

runTime.write () ;

Info<< "ExecutionTime = " << runTime.elapsedCpuTime () << " gs"
<< " ClockTime = " << runTime.elapsedClockTime () << " s"
<< nl << endl;
}
Info<< "End\n" << endl;
return 0;

}

// hhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkk //

// KA A A A A A A A A A A A Ak A A A A A A A A A A A A A A A A A A A A A A Ak Ak Ak kA kA kA Ak kA kA Ak Ak kA kA kA Ak kA k ok kK& //

createfields.H

/************************************************************************************

*************************************/

//Read Physical Properties from physicalProperties Dictionary:

Info<< "Reading physicalProperties\n" << endl;
IOdictionary physicalProperties

(
IOobject
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"physicalProperties",
runTime.constant (),

mesh,

IOobject::MUST READ IF MODIFIED,
IOobject::NO_WRITE

)

dimensionedScalar rhowater

( physicalProperties.lookup ("Water density")
di;ensionedScalar rhoabsWood

( physicalProperties.lookup ("Absolute Wood density")
di;ensionedScalar rhoabschar

( physicalProperties.lookup ("Absolute Char density")
dl;ensionedScalar rhoabsash

( physicalProperties.lookup ("Absolute Ash density")

)i

dimensionedScalar Cr

( physicalProperties.lookup ("Cr")
dl%ensionedScalar Crp

( physicalProperties.lookup ("Crp")
éimensionedScalar mn

(

physicalProperties.lookup ("mn")
)

dimensionedScalar dp_o

( physicalProperties.lookup("Initial particle diameter")
é;mensionedScalar Lp_ o

( physicalProperties.lookup("Initial particle length")
é;mensionedScalar dpore

(
physicalProperties.lookup ("Pore diameter")
)

dimensionedScalar Achamber

(
physicalProperties.lookup ("surface area combustion chamber")

)i

dimensionedScalar Ap_ init

( physicalProperties.lookup ("Initial Ap")
di;ensionedScalar Vptot_init

( physicalProperties.lookup("Initial Vptot")
di;ensionedScalar Achar02

( physicalProperties.lookup ("AcharO2")
di;ensionedScalar AcharCO2

(
physicalProperties.lookup ("AcharCoO2")

119



di;ensionedScalar AcharH20

( physicalProperties.lookup ("AcharH20")
di%ensionedScalar AcharH2

( physicalProperties.lookup ("AcharH2")
di;ensionedScalar ACO2_H2

( physicalProperties.lookup ("ACO2 H2")
di;ensionedScalar ACO_02

( physicalProperties.lookup ("ACO 02")
di;ensionedScalar ACO_H20

( physicalProperties.lookup ("ACO_H20")
dl;ensionedScalar AH2 02

( physicalProperties.lookup ("AH2 02")
dl;ensionedScalar ACH4_02

( physicalProperties.lookup ("ACH4 02")
dl;ensionedScalar EcharCo02

( physicalProperties.lookup ("EcharCO2")
dl;ensionedScalar EcharH20

( physicalProperties.lookup ("EcharH20")
dl;ensionedScalar EcharH2

( physicalProperties.lookup ("EcharH2")
dl;ensionedScalar Echar02

( physicalProperties.lookup ("Echar02")
dl;ensionedScalar ECO2_H2

( physicalProperties.lookup ("ECO2_ H2")
dl;ensionedScalar ECO_02

( physicalProperties.lookup ("ECO 02")
di;ensionedScalar ECO_H20

( physicalProperties.lookup ("ECO H20")
di;ensionedScalar EH2 02

( physicalProperties.lookup ("EH2 02")
di;ensionedScalar ECH4_02

( physicalProperties.lookup ("ECH4 02")
di;ensionedScalar Mchar

( physicalProperties.lookup ("MolarweightChar")
di;ensionedScalar MCO

( physicalProperties.lookup ("MolarweightCO")
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di;ensionedScalar MCO2

( physicalProperties.lookup ("MolarweightCO2")
di%ensionedScalar MCH4

( physicalProperties.lookup ("MolarweightCH4")
di;ensionedScalar MH2

( physicalProperties.lookup ("MolarweightH2")
di;ensionedScalar MH20

( physicalProperties.lookup ("MolarweightH20")
di;ensionedScalar MN2

( physicalProperties.lookup ("MolarweightN2")
di;;nsionedScalar MO2

( physicalProperties.lookup ("MolarweightO2")
dl;ensionedScalar woodporosity

( physicalProperties.lookup ("Wood porosity")
dl;ensionedScalar charporosity

( physicalProperties.lookup ("Char porosity")
dl;ensionedScalar ashporosity

( physicalProperties.lookup ("Ash porosity")
dl;ensionedScalar Wooddensity

( physicalProperties.lookup ("Wood density")
dl;ensionedScalar Chardensity

( physicalProperties.lookup ("Char density")
dl;ensionedScalar Ashdensity

( physicalProperties.lookup ("Ash density")
dl;ensionedScalar DCOref

( physicalProperties.lookup ("DCOref")
di;ensionedScalar DCO2ref

( physicalProperties.lookup ("DCO2ref™)
di;ensionedScalar DCH4ref

( physicalProperties.lookup ("DCH4ref")
di;ensionedScalar DH2ref

( physicalProperties.lookup ("DH2ref")
di;ensionedScalar DH20ref

( physicalProperties.lookup ("DH20ref")
di;ensionedScalar DO2ref

( physicalProperties.lookup ("DO2ref")
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)

dimensionedScalar DN2ref

(
physicalProperties.lookup ("DN2ref")
) i

//Moisture diffusion parameters

dimensionedScalar Do

( physicalProperties.lookup ("Do")
di;ensionedScalar albw

( physicalProperties.lookup ("albw")
di;ensionedScalar azbw

( physicalProperties.lookup ("a2bw")

) i

dimensionedScalar CpsMoisture
( physicalProperties.lookup ("CpsMoisture")
dl;ensionedScalar Cpschar
( physicalProperties.lookup ("Cpschar")
dl;ensionedScalar Cpsash
( physicalProperties.lookup ("Cpsash")
dl;ensionedScalar Cpfactor
( physicalProperties.lookup ("Cpfactor")
di;énsionedScalar kmoisture
( physicalProperties.lookup ("moisture thermalconductivity")
di;énsionedScalar kWood
( physicalProperties.lookup ("Wood thermalconductivity")
di;énsionedScalar khemicellulose
( physicalProperties.lookup ("hemicellulose thermalconductivity")
di;énsionedScalar klignin
( physicalProperties.lookup ("lignin thermalconductivity")
dim;;sionedScalar kchar
( physicalProperties.lookup ("char thermalconductivity")
di;;nsionedScalar kash
( physicalProperties.lookup ("ash thermalconductivity")
di;ensionedScalar Hwater
( physicalProperties.lookup ("Enthalpy Water Evaporation")
di;ensionedScalar deltaHC_0O2A
( physicalProperties.lookup ("Enthalpy char combustion A")
di;ensionedScalar deltaHC_02B
( physicalProperties.lookup ("Enthalpy char combustion B")
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di;ensionedScalar deltaHC CO2

( physicalProperties.lookup ("Enthalpy char CO2")
di%ensionedScalar deltaHC H20

( physicalProperties.lookup ("Enthalpy char H20")
di;ensionedScalar deltaHC_H2

( physicalProperties.lookup ("Enthalpy char H2")
di;ensionedScalar deltaHCO 02

( physicalProperties.lookup ("Enthalpy CO_02")
di;ensionedScalar deltaHH2_ 02

( physicalProperties.lookup ("Enthalpy H2 02")
dl;ensionedScalar deltaHCH4_02

( physicalProperties.lookup ("Enthalpy CH4 02")
dl;ensionedScalar deltaHCO_H20

( physicalProperties.lookup ("Enthalpy CO_H20")
dl;ensionedScalar deltaHCO2_H2

( physicalProperties.lookup ("Enthalpy CO2 H2")
dl;ensionedScalar universalgasconstant

( physicalProperties.lookup ("universalgasconstant")

dime;;ionedScalar abscoeffsolid

( physicalProperties.lookup ("solid absorption coefficient")
dl;ensionedScalar abscoeff

( physicalProperties.lookup ("gas_ absorption coefficient")
dl;ensionedScalar sigma

( physicalProperties.lookup ("SteffanBoltzmann constant")
dl;ensionedScalar c

( physicalProperties.lookup ("C radiationconstant")
di;ensionedScalar econt

( physicalProperties.lookup ("emissioncoefficient continuousphase")
di;ensionedScalar esolid

( physicalProperties.lookup ("emissioncoefficient solid")
di;ensionedScalar Econt

( physicalProperties.lookup ("E_continuousphase")
di;ensionedScalar Esolid

( physicalProperties.lookup ("E_solid")
di;ensionedScalar sigmarad

(

physicalProperties.lookup ("sigma_ rad")
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)i
dimensionedScalar Tomega

(

physicalProperties.lookup ("Tomega™)
)i
dimensionedScalar Twall

(
physicalProperties.lookup ("Twall"™)

)

//turbulence properties
dimensionedScalar Cmu
( physicalProperties.lookup ("Cmu")
;imensionedScalar C1l
( physicalProperties.lookup ("C1")
) i

dimensionedScalar C2
(
physicalProperties.lookup ("C2")
) i
dimensionedScalar C3

(
physicalProperties.lookup ("C3")

) i

dimensionedScalar sigmak

( physicalProperties.lookup ("sigmak")
éimensionedScalar sigmaEps

( physicalProperties.lookup ("sigmaEps")
;imensionedScalar Prt

( physicalProperties.lookup ("Prt")
;imensionedScalar unitvolume

( physicalProperties.lookup ("unitvolume")
;imensionedScalar unitlength

( physicalProperties.lookup ("unitlength")
;imensionedScalar verysmallvaluevolume

(

physicalProperties.lookup ("verysmallvaluevolume")
)i
dimensionedScalar verysmallvaluemass

(
physicalProperties.lookup ("verysmallvaluemass")
)i
dimensionedScalar ksmall

(

physicalProperties.lookup ("ksmall")
)i
dimensionedScalar epsilonsmall

(

physicalProperties.lookup ("epsilonsmall")
)i
dimensionedScalar smallmu

(

physicalProperties.lookup ("smallmu")
)i
dimensionedScalar smallkg

(
physicalProperties.lookup ("smallkg")
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éimensionedScalar Prsmall
(physicalProperties.lookup("Prsmall")
éimensionedScalar g
(physicalProperties.lookup("g")
éimensionedScalar smalltime
(physicalProperties.lookup("smalltime")
éimensionedScalar smallmolarweight
(physicalProperties.lookup("smallmolarweight")
éimensionedScalar smallphi
(physicalProperties.lookup("smallphi")
éimensionedScalar smallheat
(physicalProperties.lookup("smallheat")
éimensionedScalar ksolid
(physicalProperties.lookup("ksolid")
v dimensionedScalar Cpsolid
( physicalProperties.lookup ("Cpsolid")
éimensionedScalar Tflame
( physicalProperties.lookup ("Tflame")
;imensionedScalar Tig
( physicalProperties.lookup ("Tig")
;imensionedScalar Tinitial
( physicalProperties.lookup ("Tinitial")
;imensionedScalar Time
( physicalProperties.lookup ("Time")
;imensionedScalar Temp
( physicalProperties.lookup ("Temp")
éimensionedScalar rhos
( physicalProperties.lookup ("rhos")
éimensionedScalar X
( physicalProperties.lookup ("x")
//fi;m niranjan
dimensionedScalar sigmaH20
( physicalProperties.lookup ("sigmaH20")
éimensionedScalar sigmaH2
( physicalProperties.lookup ("sigmaH2")
éimensionedScalar sigmaCH4

(
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physicalProperties.lookup ("sigmaCH4")
;imensionedScalar sigmaCoO
( physicalProperties.lookup ("sigmaCO")
;imensionedScalar sigmaCO2
( physicalProperties.lookup ("sigmaCO2")
)i

dimensionedScalar sigmaO2

( physicalProperties.lookup ("sigmaO2")
;imensionedScalar sigmaN2

( physicalProperties.lookup ("sigmaN2")
éimensionedScalar D

( physicalProperties.lookup ("D")

' dimensionedScalar kH20

( physicalProperties.lookup ("kH20")
éimensionedScalar kH2

( physicalProperties.lookup ("kH2")
éimensionedScalar kCH4

( physicalProperties.lookup ("kCH4")
é;mensionedScalar kCO

(

physicalProperties.lookup ("kCO")
)
dimensionedScalar kCO2

(

physicalProperties.lookup ("kCO2")
)
dimensionedScalar kO2

(

physicalProperties.lookup ("kO2")
)
dimensionedScalar kN2

( physicalProperties.lookup ("kN2")
é;mensionedScalar nu c

( physicalProperties.lookup ("nu_c")
éimensionedScalar rhoc

( physicalProperties.lookup ("rhoc")
;imensionedScalar Tc

( physicalProperties.lookup ("Tc")
;imensionedScalar Ac

(
physicalProperties.lookup ("Ac")
)i

dimensionedScalar Tcinv
(

physicalProperties.lookup ("Tcinv")

) i
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dimensionedScalar kc

( physicalProperties.lookup ("kc")
éimensionedScalar sigmac

( physicalProperties.lookup ("sigmac")
éimensionedScalar Dc

( physicalProperties.lookup ("Dc")
éimensionedScalar Cc

( physicalProperties.lookup ("Cc")
éimensionedScalar muc

( physicalProperties.lookup ("muc")
;imensionedScalar Pc

( physicalProperties.lookup ("Pc")
;imensionedScalar Hc

( physicalProperties.lookup ("Hc")
) i

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k********
‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***********************/

// Read Initial Fields:

Info<< "Reading field Xposition\n" << endl;
volScalarField Xposition
(
IOobject
(
"Xposition",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
) i
Info<< "Reading field Yposition\n" << endl;
volScalarField Yposition
(
IOobject
(
"Yposition",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
)i
Info<< "Reading field solidporosity\n" << endl;
volScalarField solidporosity
(
IOobject
(
"solidporosity",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
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mesh
) i
Info<< "Reading field Cps\n" << endl;
volScalarField Cps
(
IOobject
(
"Cps™",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
)I
mesh
) i
Info<< "Reading field ks\n" << endl;
volScalarField ks
(
IOobject
(
"ks",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

) i

Info<< "Reading field selectionvalue\n" << endl;
volScalarField selectionvalue
(
IOobject
(
"selectionvalue",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
)

Info<< "Reading field TotalMass\n" << endl;
volScalarField TotalMass
(
IOobject
(
"TotalMass",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

Info<< "Reading field G\n" << endl;
volScalarField G
(
IOobject
(
ng,
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

128



Info<< "Reading field p\n" << endl;
volScalarField p
(
IOobject
(
non
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
) i

Info<< "Reading field k\n" << endl;
volScalarField k
(
IOobject
(
"k",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

) i

Info<< "Reading field epsilon\n" << endl;
volScalarField epsilon
(
IOobject
(
"epsilon",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

) i

Info<< "Reading field Tg\n" << endl;
volScalarField Tg
(
IOobject
(
"Tg",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

)i

Info<< "Reading field Ts\n" << endl;
volScalarField Ts
(
IOobject
(
"Ts",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUT07WRITE

mesh

)i

Info<< "Reading field mMoisture\n" << endl;
volScalarField mMoisture o
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IOobject

(
"mMoisture o",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
) i

Info<< "Reading field mWood o\n" << endl;
volScalarField mWood o
(
IOobject
(
"mWood o",
runTime.timeName (),
mesh,
IOobject::MUST_ READ,
IOobject::AUTO WRITE

mesh
) i

Info<< "Reading field mMoisture\n" << endl;
volScalarField mMoisture
(
IOobject
(
"mMoisture",
runTime.timeName (),
mesh,
IOobject::MUST_ READ,
IOObjeCt::AUT07WRITE

mesh
)

Info<< "Reading field mWood\n" << endl;
volScalarField mWood
(
IOobject
(
"mWood",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

)i

Info<< "Reading field mchar\n" << endl;
volScalarField mchar
(
IOobject
(
"mchar",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
)i

Info<< "Reading field mash\n" << endl;
volScalarField mash
(
IOobject
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"mash",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
)

Info<< "Reading field U\n" << endl;
volVectorField U
(
IOobject
(
ngn,
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
) i

Info<< "Reading field I\n" << endl;
volTensorField I
(
IOobject
(
nyn,
runTime.timeName (),
mesh,
IOobject::MUST_ READ,
IOobject: :AUTO _WRITE
) r
mesh
) i
Info<< "Reading field mO2\n" << endl;
volScalarField mO2
(
IOobject
(
"mo2",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
)
Info<< "Reading field mH2\n" << endl;
volScalarField mH2
(
IOobject
(
"mH2",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
)i
Info<< "Reading field mCO2\n" << endl;
volScalarField mCO2
(
IOobject
(
"mCo2",
runTime.timeName (),
mesh,
IOobject::MUST READ,
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IOobject::AUTO WRITE
) ’
mesh
) i
Info<< "Reading field mCO\n" << endl;
volScalarField mCO
(
IOobject
(
"mCO",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
) i
Info<< "Reading field mH20\n" << endl;
volScalarField mH20
(
IOobject
(
"mH20" ,
runTime.timeName (),
mesh,
IOobject::MUST_ READ,
IOobject::AUTO WRITE

mesh
);

Info<< "Reading field mCH4\n" << endl;
volScalarField mCH4
(
IOobject
(
"mCH4",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh

) i

Info<< "Reading field mN2\n" << endl;
volScalarField mN2
(
IOobject
(
"mN2",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh
)i

//shrinkage parameters

Info<< "Reading field Vp\n" << endl;
volScalarField Vp
(
IOobject
(
"vp",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
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mesh
) i

Info<< "Reading field w\n" << endl;
volScalarField w
(
IOobject
(
"t
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
)I
mesh
) i
Info<< "Reading field xx\n" << endl;
volScalarField xx
(
IOobject
(

XX
runTime.timeName (),
mesh,
IOobject::MUST_ READ,
IOobject::AUTO WRITE

) ’
mesh
)
Info<< "Reading field yy\n" << endl;
volScalarField yy
(
IOobject
(
"yy",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
)
Info<< "Reading field dp\n" << endl;
volScalarField dp
(
IOobject
(
"dp",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
) ’
mesh
)
Info<< "Reading field Lp\n" << endl;
volScalarField Lp
(
IOobject
(
"Lp",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

mesh

)
Info<< "Reading field Aspec\n" << endl;

volScalarField Aspec
(
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IOobject

(
"Aspec",
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

)I

mesh

) i

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k************************

‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k***********************/

# include "createPhi.H"

surfaceScalarField phis
(
llphis",
fvc::interpolate (solidporosity) *phi
) i

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k
‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘k‘k‘k‘k‘k*‘k‘k‘k*‘k‘k‘k‘k‘k‘k**‘k‘k*/

label pRefCell = 0;

scalar pRefVvValue = 0.0;

setRefCell (p, mesh.solutionDict () .subDict ("PISO"), pRefCell, pRefValue);

nut.H

volScalarField nut

(
"hut",
0.09*pow (k,2) /epsilon

) ;
rhosolid.H

//Calculate Solid density
volScalarField rhosolid

(
"rhosolid",
(mMoisture+mWood+mchar+mash) / ((1-solidporosity)+1le-25)

) i
rhosolid = rhosolid*neg(-(l-solidporosity))+(l-solidporosity) *rhoc;

selectionvalue.H
volScalarField solidfraction

(
"solidfraction",
neg (0*rhoc- (mMoisture+mWood+mchar) )

) i

volScalarField gasfraction
(
"gasfraction",
l-solidfraction
) i
selectionvalue = l-pos(gasfraction-0.99);
selectionvalue= selectionvalue*neg(0O-selectionvalue)+0*pos (0-selectionvalue);

particlesize.H

//calculation of particle size

volScalarField reactedmoisturevolume
(
"reactedmoisturevolume",
0.0l*selectionvalue* (mMoisture o-mMoisture)/ (6*rhoc)
)i
volScalarField reactedwoodvolume
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(

"reactedwoodvolume",
0.6*selectionvalue* (mWood o-mWood)/ (279*rhoc)

)i

volScalarField reactedcharvolume

(

"reactedcharvolume",
0.3*selectionvalue* (mWood o0*0.145-mchar) *neg (-mchar)/(279*0.145*rhoc)

)i

Vp=selectionvalue*Vptot init*(l-reactedmoisturevolume-reactedwoodvolume-
reactedcharvolume) ;
dp=pow (mag (6*Vp/ (Foam: :constant: :mathematical: :pi*unitvolume)),0.33)*unitlength;

dp_old=dp.oldTime () ;
dp=dp*pos (dp_o-dp) *pos (dp-0*unitlength) +dp_ o*neg(dp o-dp) *pos (dp-O*unitlength);
dp=dp*pos (dp_old-dp) *pos (dp-0O*unitlength)+dp old*neg(dp old-dp) *pos (dp-0*unitlength) ;

variables.H

//Gas species mass fraction calculation

volScalarField YMoisture
(
"YMoisture",

mMoisture*selectionvalue/ (mWood+mchar+mash+mMoisture+verysmallvaluemass)
)i

volScalarField YWood
(
"YWood",

(mWood) *selectionvalue/ ( (mWood+mchar+mash+mMoisture+verysmallvaluemass))
)i

volScalarField Ychar
(
"Ychar",
mchar*selectionvalue/ (mWood+mchar+mash+mMoisture+verysmallvaluemass)

) i

volScalarField Yash
(
"Yash",
mash*selectionvalue/ (mWood+mchar+mash+mMoisture+verysmallvaluemass)
)
//Dynamic viscosity mu
volScalarField mu

(

mu",
nu*rhog

) i

//saturation temperature for moisture
volScalarField Yfbs
(
"Yfbs",
0.3+0.298-0.001*Ts/Temp
)i
Yfbs=Yfbs*pos (Yfbs-0.2)+0.2*neg (Yfbs-0.2) ;
volScalarField PH20
(
"PH20",
H20*p/ (H20+CO+CO2+CH4+H2+N2+smallmolarweight)
)
volScalarField TT
(
"TT™,
1-pow (mag (1-YMoisture/Yfbs), (6.453e-3* (Ts/Tc)))
) i
volScalarField kg
(
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llkg",
(4.8e-4) *kc*pow (mag (Tg/Tc),0.717)
) i
volScalarField Cpg
(
"Cpg",
Cc* (990+0.122*Tg/Tc-(5680e+3) *pow (mag (Tg/Tc),-2))
)i
volScalarField DTg
(
"DTG",
(mag (kg) *solidporosity/rhog/mag (Cpg))
)i

//calculate dimesionless numbers

//Reynolds number
volScalarField Re

(

"Re",

mag (rhog) *mag (U) * (dp_o) / (mag (mu) +smallmu)

) i
//Prandtl number
volScalarField Pr

(

"Pr",

mag (Cpg) *mag (mu) /mag (kg)

)i

// Nusselt Number

volScalarField Nusphere
(
"Nusphere",
2+0.6*pow (Re, 0.5) *pow (Pr, 0.33)
)
volScalarField Nu
(
"Nu",
Nusphere
)

//spherical particles
volScalarField A
(
nan,
6* (1-solidporosity)/ (dp+le-25*unitlength)
)

volScalarField h

(

"hY,
kg*Nu/ (dp+le-25*unitlength)
)i

//omegac
volScalarField omegac
(
"omegac",
2* (1+4.3*exp (-Tomega/Ts) ) / (2+4.3*exp (-Tomega/Ts) )
)

//Evaporation heat for bound water
volScalarField FreewaterEvaporationHeat
(

"FreewaterEvaporationHeat",
Cc*(3.179%9e6*Tc-2.5e3*Ts)
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)

volScalarField BoundwaterEvaporationHeat
(
"BoundwaterEvaporationHeat",
Cc*(3.179e6*Tc-2.5e3*Ts+Tc*1.1762eb6*exp (-15*YMoisture))
) i

volScalarField waterEvaporationHeat
(
"waterEvaporationHeat",
FreewaterEvaporationHeat*pos (YMoisture-
0.18) +BoundwaterEvaporationHeat*neg (YMoisture-0.18)//according to our case FSP is 0.
moisture on dryfuel

) i

volScalarField Cpparticle
(
"Cpparticle",

Cc* (mag (YMoisture) *4200+mag (YWood) * (1500+Ts*Tcinv) +mag (Ychar) * (420+2.09* (Ts*Tcinv) -
6.85e-4*pow (mag (Ts*Tcinv),2) ) +mag (Yash) * (420+2.09* (Ts*Tcinv) -6.85e-
4*pow (mag (Ts*Tcinv),2)))

) i

//Thermal conductivity of solid

volScalarField nen
(
"nen",
(mWood—mchar)/((mWood_o+le—25*rhoc)—mWood_o*0.095)
) i

volScalarField kparticle
(
"kparticle",
(nen*0.35+0.071* (1-nen) tmag (Yash) *1.2) *kc
)
ks=solidporosity*kg+ (l-solidporosity) *kparticle ;
volScalarField keffsolid
(
"keffsolid",
ks
) i

volScalarField DTs
(
"DTs",
(keffsolid+ksolid)
)

volScalarField OmegaO2

(

"OmegaO2",
pow ( (44.54*pow (mag (kO2*Tg) ,-4.909)+1.911*pow (mag (kO2*Tg) ,-1.575)),0.1)
)i

//Collisional integral calculation
volScalarField OmegaH20
(
"OmegaH20",
pow ( (44.54*pow (mag (kH20*Tg) ,-4.909)+1.911*pow (mag (kH20*Tg) ,-1.575)),0.1)
)i

volScalarField OmegaH2

(

"OmegaH2",
pow ( (44.54*pow (mag (kH2*Tg) ,-4.909) +1.911*pow (mag (kH2*Tg) ,-1.575)),0.1)
)i
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volScalarField OmegaCH4
(
"OmegaCH4",
pow ( (44.54*pow (mag (kCH4*Tqg) ,-4.909)+1.911*pow (mag (kCH4*Tg) ,-1.575)),0.1)
)i

volScalarField OmegaCO

(

"OmegaCoO",
pow ( (44.54*pow (mag (kCO*Tg) ,-4.909)+1.911*pow (mag (kCO*Tg) ,-1.575)),0.1)
) i

volScalarField OmegaCO2
(
"OmegaCO2",
pow ( (44.54*pow (mag (kCO2*Tg) ,-4.909)+1.911*pow (mag (kCO2*Tg) ,-1.575)),0.1)
)i

volScalarField OmegaN2

(

"OmegaN2",
pow ( (44.54*pow (mag (kN2*Tg) ,-4.909) +1.911*pow (mag (kN2*Tg) ,-1.575)),0.1)
)i

//Diffusion coefficients

volScalarField DH20
(
"DH20",
Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.302*1/ (pow (mag (sigmaH20/sigmac) ,2) *OmegaH20)
)i
volScalarField DH2
(
"DH2",
Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.732*1/ (pow (mag (sigmaH2/sigmac),2) *OmegaH2)
)
volScalarField DCH4
(
"DCH4",
Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.313*1/ (pow (mag (sigmaCH4/sigmac) ,2) *OmegaCH4)
)
volScalarField DCO
(
"DCo",
Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.267*1/ (pow (mag (sigmaCO/sigmac), 2) *OmegaCO)
)
volScalarField DCO2
(
"DCO2",
Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.242*1/ (pow (mag (sigmaCO2/sigmac) ,2) *OmegaC02)
)i
volScalarField DO2
(
"Do2",
Dc*0.0018583e~
4*pow (mag (Tg/Tc),1.5)*0.259*1/ (pow (mag (sigmaO2/sigmac), 2) *Omega02)
)

volScalarField DN2

(
IIDN2 " ,

Dc*0.0018583e-
4*pow (mag (Tg/Tc),1.5)*0.267*1/ (pow (mag (sigmaN2/sigmac) , 2) *OmegaN2)
) i
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// Sherwood Number -oxygen

volScalarField ShO2

(

"Sho2" ,
2+0.6*pow (Re, 0.5) *pow (nu/D02,0.33)
) i

// Sherwood Number -carbon dioxide

volScalarField ShCO2

(

"sShco2",
2+0.6*pow (Re, 0.5) *pow (nu/DCO2,0.33)
) i

// Sherwood Number -water vapour

volScalarField ShH20

(

"ShH20",
2+0.6*pow (Re, 0.5) *pow (nu/DH20, 0.33)
) i

// Sherwood Number -hydrogen
volScalarField ShH2

(
"ShH2" ,
2+0.6*pow (Re, 0.5) *pow (nu/DH2, 0.33)
) i
// Sherwood Number -metahne
volScalarField ShCH4

(
"ShCH4",
2+0.6*pow (Re, 0.5) *pow (nu/DCH4, 0.33)
)
// Sherwood Number -carbon monoxide
volScalarField ShCO

(
"shco",

2+0.6*pow (Re, 0.5) *pow (nu/DCO, 0.33)
)

// Sherwood Number -nytrogen
volScalarField ShN2

(
"ShN2",

2+0.6*pow (Re, 0.5) *pow (nu/DN2, 0.33)
)i

//MTC -oxygen

volScalarField kmO2
(
"kmO2" ,
Sh02*D02/D
)i

//MTC -carbon dioxide

volScalarField kmCO2
(
"kmCO2",
ShC02*DC02/D
) i
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//MIC -H20

volScalarField kmH20
(
"kmH20",
ShH20*DH20/D
) i

//MTC -H2
volScalarField kmH2
(
"kmH2",
ShH2*DH2/D
)
volScalarField kmCO
(
"kmCO" ,
ShCO*DCO/D
) i
volScalarField kmCH4
(
"kmCH4",
ShCH4*DCH4/D
) i
volScalarField kmN2
(
"kmN2" ,
ShN2*DN2/D
)

Reactionrates.H

//Calculation of reaction rates

//calculate drying rate;
volScalarField Rdrying

(

"Rdrying",

-neg (0-selectionvalue) *neg (0*rhoc-mMoisture) *mMoisture*neqg (Ts—
1200*Temp) *CpsMoisture* (pos (Ts-373.15*Tc) * (Ts-373.15*Tc) +neg (Ts-
373.15*Tc) *Tc*0) / (Hwater*runTime.deltaT())

) i

//calculate wood pyrolysis rate;
volScalarField RWood
(
"RWood",
-Awood*selectionvalue*neg (0*rhoc-mWood) *mWood*exp (-
EWood/ (universalgasconstant*Ts))

) i

//claculate kinetic rate char combustion;
volScalarField charO2 rkinetic
(
"char02 rkinetic",
Achar02*exp (-Echar0O2/universalgasconstant/Ts)
)i

volScalarField char0O2 rdiffusion
(
"char02_ rdiffusion",
hm02
)

//calculate char combustion rate;
volScalarField Rcombustion
(
"Rcombustion",
-Ap_init/Vptot init*neg (0*rhoc-
mchar) *Mchar*omegac*02*char02_rkinetic*charO2 rdiffusion/(charO2_ rkinetic+char02 rdif
fusion)

) i
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//claculate kinetic rate char&CO2 gasification;
volScalarField charCO2_rkinetic
(
"charCO2 rkinetic",
AcharCO2*exp (-EcharCO2/universalgasconstant/Ts)
)i
//claculate diffusion rate char&CO2 gasification;
volScalarField charCO2_rdiffusion
(
"charCO2 rdiffusion",
hmCO2
)i
//calculate char&CO2 gaification rate;
volScalarField charCO2 rgasification
(
"charCO2 rgasification",
-Ap_init/Vptot init*neg (0*rhoc-
mchar) *Mchar*C02*charC02_rkinetic*charCO2_ rdiffusion/(charCO2_rkinetic+charCO2_rdiffu
sion)
)i
//calculate kinetic rate char&H20 gaification;
volScalarField charH20 rkinetic
(
"charH20 rkinetic",
AcharH20*exp (-EcharH20/universalgasconstant/Ts)
)
//claculate diffusion rate char&H20 gasification;
volScalarField charH20 rdiffusion
(
"charH20 rdiffusion",
hmH20
)i
//calculate char&H20 gaification rate;
volScalarField charH20 rgasification
(
"charH20 rgasification",
-Ap_init/Vptot init*neg(0*rhoc-
mchar) *Mchar*H20*charH20 rkinetic*charH20_rdiffusion/(charH20_rkinetic+charH20 rdiffu
sion)
)
//calculate kinetic rate char&H2 gaification;
volScalarField charH2 rkinetic
(
"charH2 rkinetic",
AcharH2*exp (-EcharH2/universalgasconstant/Ts)
) i
//claculate diffusion rate char&H2 gasification;
volScalarField charH2 rdiffusion
(
"charH2 rdiffusion",
hmH2
)i
//calculate char&H2 gaification rate;
volScalarField charH2 rgasification
(
"charH2 rgasification",
-Ap_init/Vptot init*neg(0*rhoc-
mchar) *Mchar*H2*charH2 rkinetic*charH2 rdiffusion/(charH2 rkinetic+charH2 rdiffusion)
)i
//claculate diffusion rate char&CH4 ;
volScalarField charCH4 rdiffusion
(
"charCH4_rdiffusion",
hmCH4
)i
//claculate diffusion rate char&CO ;
volScalarField charCO_rdiffusion
(
"charCO_rdiffusion",
hmCO
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)i
//claculate diffusion rate char&N2 ;
volScalarField charN2 rdiffusion
(
"charN2_rdiffusion",
hmN2
)i
//calculate overall char gasification rate;
volScalarField Rgasification
(
"Rgasification",
charCO2_rgasification+charH20 rgasification+charH2 rgasification
)i

volScalarField gasgeneration
(
"gasgeneration",
Rdrying
+0.9*Rpyrolysis
) i

//Gaseous reaction rates
//CO2&H2 kinetic reaction rate;
volScalarField rkCO2_H2
(
"rkCoO2_H2",
ACO2_ H2*exp (-ECO2 H2/Tg) *CO2*H2
)i

//C0&02 kinetic reaction rate;
volScalarField rkCO oxidation
(
"rkCO oxidation",
AC0702*exp(—EC0702/Tg)*CO*pow(mag(O2),O.5)*pow(mag(H2O),O.5)
) i
//CO&H20 kinetic reaction rate;
volScalarField rkCO_H20
(
"rkCO _H20",
ACO_H20*exp (-ECO_H20/Tg) *CO*H20
)

//H2&02 kinetic reaction rate;
volScalarField rkH2 oxidation
(
"rkH2 oxidation",
AH2 O2*exp (-EH2_02/Tg) *CH4*pow (mag (02) ,0.5)
)

//CH4 kinetic reaction rate;
volScalarField rkCH4 oxidation

(

"rkCH4_oxidation",
ACH4702*exp(—ECH4702/Tg)*pow(mag(CH4),0.5)*02
)i

kepsilon.H

//Solve k-epsilon model

fvScalarMatrix kEqgn
(
fvm: :ddt (bedporosity, k)
+ fvm::div (phis, k)
- fvm::laplacian (nutporosity, k)
)i
solve (kEqn == 2*nut*SintoS*bedporosity-epsilon*bedporosity) ;
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fvScalarMatrix epsilonEqgn
(
fvm: :ddt (bedporosity, epsilon)
+ fvm::div (phis, epsilon)
- fvm::laplacian (0.77*nutporosity, epsilon)
) i
solve (epsilonEgqn == 2*1.44*epsilon/k*nut*SintoS*bedporosity-
1.92*pow (epsilon, 2) /k*bedporosity) ;

heatrelease.H

//Calculation of heat generation from reactions

//heat required for evaporation
volScalarField Dryingheat
(
"Dryingheat",
-Rdrying*waterEvaporationHeat
)i

//char reactions//

//char and 02

volScalarField HC 02
(
"HC_02",
(2* (omegac-1) *deltaHC O2A+ (2-omegac) *deltaHC 02B) *Rcombustion/omegac
)i

//char and C02//

volScalarField HC CO2
(
"HC_CO2",
-deltaHC CO2*charCO2_ rgasification
)

//char and H20//

volScalarField HC_H20
(
"HC_H20",
—-deltaHC_H20*charH20_rgasification
)i

//char and H2

volScalarField HC H2
(
"HC_H2",
-deltaHC H2*charH2 rgasification
)

//gas phase reactions//

//CO with 02;

; volScalarField HCO_ 02
(
"HCO_o2",
-deltaHCO_02*rCO_oxidation
)i

//H2 with 02

volScalarField HH2 02
(
"HH2 02",
-deltaHH2 02*rH2 oxidation
)i

//CH4 with 02

volScalarField HCH4_ 02
(
"HCH4 02",
-deltaHCH4_02*rCH4 oxidation
) i

//CO with H20
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volScalarField HCO_H20
(
"HCO H20",
-deltaHCO_H20*rCO_H20
)i

//CO02 with H2

volScalarField HCO2_ H2
(
"HCO2_H2",
deltaHCO2_H2*rCO2_ H2
)i

radiation.H

//Solve radiation model
// Calculate radiation intensity

fvScalarMatrix GEqgn
(
fvm::laplacian((1.0/(3.0* ((abscoeff/sigmac)+ (abscoeffsolid/sigmac))+
sigmarad* (3-C))),G)
- fvm::Sp(((abscoeff/sigmac)+ (abscoeffsolid/sigmac)), G)
) i

solve (GEgqn==-4* ( ( (abscoeff/sigmac) + (abscoeffsolid/sigmac) ) *sigma*pow (Tg, 4) +
Econt+Esolid)) ;

mass.H

TotalMass=fvc::domainIntegrate (mMoisture+miWood+mchar+mash) ;

volScalarField normalisedmass
(
"normalisedmass",
(TotalMass) /fvc::domainIntegrate (mWood o+mMoisture o)
)i

Gasdiffusioninsideparticle.H

volScalarField Ash layer thickness=0.5*mag(dp_o-dp)*Ychar*mchar/ ((mash+le-
25*rhoc) *0.6) ;

//Effective diffusion coefficient in packedbed
//Diffusivity unit m2s-1
volScalarField Deff OZ2bed
(
"Deff O2bed ",
(DO2*0.8+0.5*mag (U) *D) *bedporosity*selectionvalue
) i
volScalarField Deff CO2bed
(
"Deff CO2bed ",
(DC02*0.8+0.5*mag (U) *D) *selectionvalue
)i
volScalarField Deff CObed
(
"Deff CObed",
(DCO*0.8+0.5*mag (U) *D) *selectionvalue
)
volScalarField Deff H20bed
(
"Deff H20bed",
(DH20*0.8+0.5*mag (U) *D) *selectionvalue
)
volScalarField Deff H2bed
(
"Deff H2bed",
(DH2*0.8+0.5*mag (U) *D) *selectionvalue
)i
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volScalarField Deff CH4bed
(
"Deff CH4bed",
(DCH4*0.8+0.5*mag (U) *D) *selectionvalue
)i

volScalarField Deff N2bed
(
"Deff N2bed",
(DN2*0.8+0.5*mag (U) *D) *selectionvalue
)i

//calculate effective diffusion coefficient through ash layer
volScalarField Deff 02 2
(
"Deff 02 2",
Deff O2bed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
)i
volScalarField Deff CO2 2
(
"Deff CO2 2",
Deff CO2bed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
) i
volScalarField Deff CO 2
(
"Deff CO 2",
Deff CObed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
) i
volScalarField Deff H20 2
(
"Deff H20 2",
Deff H20bed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
)i
volScalarField Deff H2 2
(
"Deff H2 2",
DeffiHZbed*pow(0.9,2)*selectionvalue/(Ashilayerithickness+le—25*unitlength)
)
volScalarField Deff CH4 2
(
"Deff CH4 2",
Deff CH4bed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
)
volScalarField Deff N2 2
(
"Deff N2 2",
Deff N2bed*pow(0.9,2)*selectionvalue/ (Ash layer thickness+le-25*unitlength)
) i

//MTC -oxygen
volScalarField kmO2
(
"kmo2",
ShO2*Deff O2bed/D+le-25*unitlength/Time
)i

//MTC -carbon dioxide
volScalarField kmCO2
(
"kmCo2",
ShCO2*Deff CO2bed/D+le-25*unitlength/Time
)i

//MTC -H20
volScalarField kmH20
(
"kmH20",
ShH20*Deff H20bed/D+le-25*unitlength/Time
)i
//MTC -H2
volScalarField kmH2
(
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"kmH2",
ShH2*Deff H2bed/D+le-25*unitlength/Time
)i
volScalarField kmCO
(
"kmCo",
ShCO*Deff CObed/D+le-25*unitlength/Time
)i
volScalarField kmCH4
(
"kmCH4",
ShCH4*Deff CH4bed/D+le-25*unitlength/Time
)i
volScalarField kmN2
(
"kmN2",
ShN2*Deff N2bed/D+le-25*unitlength/Time
)i

volScalarField SCH20
(
"SCH20",
mu/ (rhog*DH20)
) i

volScalarField ShH20 2
(
"ShH20 2",
(0.35+0.34*pow(Re, 0.5)+0.15*pow (Re, 0.58) ) *pow (SCH20, 0. 3)
)i
volScalarField kmH20 2
(
"kmH20 2",
ShH20 2*DH20/D
)i
//kmiH20
volScalarField kmiH20
(
"kmiH20",
1.932e-5*pow (Ts/Temp,0.5) *unitlength/Time
) i

volScalarField hmiH20
(
"hmiH20",
kmH20 2*kmiH20/ (kmH20 2+kmiH20)
)i
volScalarField Dk 02
(
"Dk_02",

2*dpore*pow ( (2*universalgasconstant*Tg/ ( (Foam: :constant: :mathematical: :pi) *MO02)),0.5)
/3
)i

volScalarField Dk CO2

(
"Dk_CO2",

2*dpore*pow ( (2*universalgasconstant*Tg/ (Foam: :constant: :mathematical: :pi*MC02)),0.5)/
3
)i

volScalarField Dk CO

(
" Dk7CO ",

2*dpore*pow ( (2*universalgasconstant*Tg/ (Foam: :constant: :mathematical: :pi*MCO)),0.5)/3
)i
volScalarField Dk_H20

(
"Dk_H20",
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2*dpore*pow ( (2*universalgasconstant*mag (Tg) / (Foam: : constant:
0.5)/3
)i

volScalarField Dk H2

(
"DkiHZ" ,

2*dpore*pow ( (2*universalgasconstant*mag (Tg) / (Foam: : constant:
.5)/3

) i
volScalarField Dk_CH4

(

"Dk_CHA",

2*dpore*pow ( (2*universalgasconstant*mag (Tg) / (Foam: : constant:
0.5)/3

) i
volScalarField Dk N2

(

"Dk _N2",
2*dpore*pow ( (2*universalgasconstant*mag (Tg) / (Foam: : constant:
.5)/3

)i

volScalarField Deff 02 3
(
"Deff 02 3",
((DO2*Dk_O2*selectionvalue/ (DO2+Dk 02))+DO2* (1-

:mathematical:

:mathematical:

:mathematical:

:mathematical:

:p1*MH20) ),
:p1i*MH2)),0
:pi*MCH4) ),
:pi*MN2)),0

selectionvalue)) *pow (solidporosity, 2)/ ((Ash_layer thickness)+le-25*unitlength)

) i

volScalarField Deff CO2 3
(
"Deff CO2 3",
((DCOZ*Dk7C02/(DC02+Dk7C02)*selectionvalue)+DC02*(l—

selectionvalue)) *pow (solidporosity, 2)/ (Ash layer thickness+le-25*unitlength)

)

volScalarField Deff CO_3
(
"Deff CO_3",
((DCO*Dkico/(DCO+Dk7CO)*selectionvalue)+DCO*(l—

selectionvalue))*pow(solidporosity,Z)/(Ashilayerithickness+le—25*unitlength)

)

volScalarField Deff H20 3
(
"Deff H20_ 3",
( (DH20*Dk_H20/ (DH20+Dk_H20) *selectionvalue) +DH20* (1-

selectionvalue))*pow(solidporosity,Z)/(Ashilayerithickness+le—25*unitlength)

)i

volScalarField Deff H2 3
(
"Deff H2 3",
((DH2*Dk H2/ (DH2+Dk H2) *selectionvalue) +DH2* (1-

selectionvalue)) *pow (solidporosity, 2)/ (Ash layer thickness+le-25*unitlength)

)i

volScalarField Deff CH4 3
(
"Deff CH4 3",
((DCH4*Dk CH4/ (DCH4+Dk CH4) *selectionvalue) +DCH4* (1-

selectionvalue)) *pow (solidporosity, 2)/ (Ash layer thickness+le-25*unitlength)

)i

volScalarField Deff N2 3
(
"Deff N2 3",
((DN2*Dk N2/ (DN2+Dk N2) *selectionvalue)+DN2* (1-
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selectionvalue)) *pow (solidporosity, 2)/ (Ash layer thickness+le-25*unitlength)
) i

volScalarField hmO2
(
"hmo2",
kmO2*Deff 02 3/ (kmO2+ (Deff 02 3))
)

//hmC02

volScalarField hmCO2
(
"hmCO2",
kmCO2*Deff CO2 3/ (kmCO2+ (Deff CO2 3))
) i

//hmCO
volScalarField hmCO
(
"hmCo",
kmCO*Deff CO 3/ (kmCO+ (Deff CO 3))
) i
//hmH
volScalarField hmH2
(
" hmH2 " ,
kmH2*Deff H2 3/ (kmH2+ (Deff H2 3))
)i

//hmH20

volScalarField hmH20
(
"hmH20",
kmH20*Deff H20 3/ (kmH20+ (Deff H20 3))
)

//hmCH4
volScalarField hmCH4
(
"hmCH4",
kmCH4*Deff CH4 3/ (kmCH4+ (Deff CH4 3))
)

//hmN2
volScalarField hmN2
(
"hmN2",
kmN2*Deff N2 3/ (kmN2+ (Deff N2 3))
)

//Effective Diffusion coefficient

volScalarField Deff 02
(
"Deff 02 ",
Deff 0O2bed+D0O2* (1-selectionvalue)
)i

volScalarField Deff CO2
(
"Deff CO2",
Deff CO2bed+DCO2* (1-selectionvalue)
)i

volScalarField Deff CO
(
"Deff CO",
Deff CObed+DCO* (1-selectionvalue)
)i
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volScalarField Deff H20
(
"Deff H20",
Deff H20bed+DH20* (1-selectionvalue)
)i

volScalarField Deff H2
(
"Deff H2",
Deff H2bed+DH2* (1-selectionvalue)
)i

volScalarField Deff CH4
(
"Deff CH4",
Deff CH4bed+DCH4* (1-selectionvalue)
)i

volScalarField Deff N2

(

"Deff N2",
Deff N2bed+DN2* (1-selectionvalue)
)i

shrinkage.H
//calculation packed bed shrinkage
dimensionedScalar

Vbed o=fvc::domainIntegrate (mMoisture o+mWood o)/ ((2.595* (dp_0*1000/unitlength)+137.0

8) *rhoc) ;

bulkdensityfactor2=fvc::domainIntegrate (mMoisture+mWood+mchar+mash) / (fvc::domainInteg
rate (pos (mWood+mMoisture+mchar+mash-95*rhoc))+le-10*unitvolume) ;

bulkdensityfactor2=bulkdensityfactor2*pos (2500*rhoc-
bulkdensityfactor2)+2500*rhoc*neg (2500*rhoc-bulkdensityfactor2) ;

Vbed=TotalMass/ (bulkdensityfactor2+le-10*rhoc) ;

Vbedlimit=Vbed.oldTime () ;

Vbed=Vbed*pos (Vbedlimit-Vbed) +Vbedlimit*neg (Vbedlimit-Vbed) ;

Ub:—(Vbed.oldTime()—Vbed)*(Vbedio/(0.09*unitvolume)—
(ydistance/unitlength)) *shrinkagevector*selectionvalue*1.3/ ( (Vbed+le-
10*unitvolume) * (runTime.deltaT () /Time) ) *neg (mag (Ub) -0.1l*unitlength/Time) ;
Ubed=Ub*neg (mag (Ub) -0.1*unitlength/Time) ;

phibed.H

//calculation of face flux
surfaceScalarField phibed
(
"phibed",

linearInterpolate (Ubed) & mesh.Sf ()

)
surfaceScalarField phimass

(

"phimass",

fvc::interpolate (solidwetmass) *phibed

)i
surfaceScalarField phicp

(
llphicp",

fvc::interpolate (rhosolid*Cps* (1-bedporosity)) *phibed

)i
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Reactionrates.H

//Mixing rates of gases in packed bed

volScalarField rCO_oxidationmix

(

"rCO oxidationmix",

0.63*1.75* (1-bedporosity) *mag (U) / (0.5*0.025*unitlength) * (CO*MCO*neg (CO-
02/2)+02*M02/2*pos (CO-02/2))

) i

volScalarField rCO H20mix

(

"rCO H20mix",

0.63*1.75* (1-bedporosity) *mag (U) / (0.5*%0.025*unitlength) * (CO*MCO*neg (CO-
H20) +H20*MH20*pos (CO-H20) )

)i

volScalarField rCO2 H2mix

(

"rCO2 H2mix",

0.63*1.75* (1-bedporosity) *mag (U) / (0.5*0.025*unitlength) * (CO2*MCO2*neg (CO2-
H2) +H2*MH2*pos (CO2-H2))

)

volScalarField rCH4 oxidationmix

(

"rCH4 oxidationmix",

0.63*1.75* (1-bedporosity) *mag (U) / (0.5*0.025*unitlength) * (CH4*MCH4*neg (CH4 -
02/1.5)+02*M02/1.5*pos (CH4-02/1.5))

)i

volScalarField rH2 oxidationmix

(

"rH2 oxidationmix",

0.63*1.75* (1-bedporosity) *mag (U) / (0.5*0.025*unitlength) * (H2*MH2*neg (H2-
02/2)+02*MO2*pos (H2-02/2))

)

//selection of minimum reaction rates for gases

volScalarField rCO_oxidation
(
"rCO_oxidation",
-rCO_oxidationmix*pos (mag (rkCO oxidation)-mag (rCO oxidationmix))+ (-
rkCO_oxidation) *neg (mag (rkCO_oxidation)-mag (rCO_oxidationmix))
)

volScalarField rCO H20

(

"rCO_H20",

-rCO_H20mix*pos (mag (rkCO_H20) -mag (rCO_H20mix) )+ (-rkCO_H20) *neg (mag (rkCO_H20) -
mag (rCO_H20mix) )

)

volScalarField rCO2_H2

(

"rCO2_H2",

-rCO2_H2mix*pos (mag (rkCO2_ H2)-mag (rCO2 H2mix) )+ (-rkCO2_ H2) *neg (mag (rkCO2_ H2) -
mag (rCO2_H2mix))

)i

volScalarField rCH4 oxidation

(

"rCH4 oxidation",

rCH4 oxidationmix*pos (mag(rkCH4 oxidation)-mag(rCH4 oxidationmix))+ (-
rkCH4 oxidation)*neg(mag (rkCH4 oxidation)-mag (rCH4 oxidationmix))

)i
volScalarField rH2 oxidation

(

"rH2 oxidation",
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-rH2 oxidationmix*pos (mag(rkH2 oxidation)-mag(rH2 oxidationmix))+ (-
rkH2 oxidation) *neg(mag(rkH2 oxidation)-mag(rH2 oxidationmix))

) i

TsEqgn.H

//Solid phase energy equation:

fvScalarMatrix TsEgn

(
fvm: :ddt ( (rhosolid*Cps* (1-bedporosity))+x,Ts)

+ fvm::div (phicp, Ts)

- fvc::laplacian(DTs,Ts)
)i

solve (TsEgqn==-h* (Ts-Tg) *A*selectionvalue-Dryingheat-woodheat+HC 02-HC CO2-
HC H20+HC H2+ignitionarea*ignitionheat*pos (1200-
shrinkagetemperature) + (abscoeffsolid*G-
4*abscoeffsolid*sigma*pow (Ts, 4)) *selectionvalue/unitlength);

Ts = Ts*pos (Ts-300*Temp) +300*Temp*neg (Ts-300*Temp) ;

Ts = Ts*pos(selectionvalue-1)+300*Temp*pos (-selectionvalue);

solidmassconservationEqn.H

//solve equations for solid species conservation//

//solve wood conservation equation;
fvScalarMatrix mWoodEgn
(
fvm: :ddt (mWood)
+fvm: :div (phibed, mWood)
) i
solve (mWoodEgn == RWood) ;

//solve char conservation equation;
fvScalarMatrix mcharEqgn
(
fvm: :ddt (mchar)
+fvm: :div (phibed, mchar)
)
solve (mcharEgn == -0.145* (RWood)+Rgasification+Rcombustion) ;

//solve Ash conservation equation;
fvScalarMatrix mashEqgn
(
fvm: :ddt (mash)
+fvm: :div (phibed, mash)
)i
solve (mashEgqn == -0.005* (RWood)) ;

//solve moisture conservation equation;
fvScalarMatrix YMoistureEqn
(
fvm: :ddt (solidwetmass, YMoisture)
+fvm: :div (phimass, YMoisture)
)i
solve (YMoistureEgn==Rdrying) ;

mWood = pos (mWood-0*rhoc) *mWood+neg (mWood-0*rhoc) *0*rhoc;
YMoisture=pos (YMoisture-0) *YMoisture+neg (YMoisture-0) *0;
mMoisture=YMoisture*solidwetmass;

mchar = pos (mchar-0*rhoc) *mchar+neg (mchar-0*rhoc) *0*rhoc;
mash = pos(mash-0*rhoc) *mash+neg (mash-0*rhoc) *0*rhoc;
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APPENDIX B - OpenFoam Programme for Moving Grate

Combustion

/ g — ‘k\
e ‘
A\ / F ield | OpenFOAM: The Open Source CFD Toolbox
\\ / O peration |
\\ / A nd | Copyright (C) 2011-2013 OpenFOAM Foundation
\\/ M anipulation |
License

This file is part of OpenFOAM.

OpenFOAM is free software: you can redistribute it and/or modify it
under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License
for more details.

You should have received a copy of the GNU General Public License
along with OpenFOAM. If not, see <http://www.gnu.org/licenses/>.

Application
movinggrateFoam

Description
Transient solver for incompressible, laminar flow of Newtonian fluids.

#include "fvCFD.H"

#include "fvcVolumeIntegrate.H"
#include "pisoControl.H"
#include "OFstream.H"

#include "wallDist.H"

#include "fvOptions.H"

//‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k****//

int main(int argc, char *argvl(])

{
#include "setRootCase.H"
#include "createTime.H"
#include "createMesh.H"
pisoControl piso (mesh) ;
finclude "createFields.H"
finclude "nut.H"
#include "initContinuityErrs.H"

//‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k**********************//

Info<< "\nStarting time loop\n" << endl;

while (runTime.loop())

{

Info<< "Time = " << runTime.timeName () << nl << endl;

volScalarField nu
(
"hu",
(1.98e-5) *nu_c* (Tg/ (300*Tc) )/ (rhog/rhoc)
) i
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volScalarField nuporosity
(
"nuporosity",
nu*bedporosity
)i
volScalarField nutporosity
(
"nutporosity",
nut*bedporosity
)i
volTensorField velocityGradient
(
"velocityGradient",
fvc::grad(U)
) i
volTensorField S
(
ngn,
0.5* (velocityGradient+T (velocityGradient))
) i
volScalarField SintoS
(
"SintoS",
S && S
)i
volTensorField turbulance
(
"turbulance",
2*nut*S-2/3* (k+ksmall) *I
)i

volVectorField momentumresistance
(
"momentumresistance",

( selectionvalue*150* (1-0.5)*(1-0.5)*nu/ ((dp_o)* (dp_0)*0.5*0.5) *mag (U) * (-
shrinkagevector)+1.75* (1-0.5)/ ((dp_o) *0.5) *mag (U) *mag (U) * (-
shrinkagevector) ) * (Time/unitlength)

)

#include "particlesize.H"

#include "variables.H"

#include "Gasdiffusioninsideparticle.H"
#include "shrinkagenew.H"

#include "phibed.H"

#include "solid.H"

#include "Reactionrates.H"

// Solve Gas Phase Velocity and Pressure Equations:

fvVectorMatrix UEqn
(
fvm: :ddt (bedporosity, U)
+ fvm::div (phis, U)
- fvm::laplacian (nuporosity, U)

)i

solve (UEgqn ==-fvc::grad(p) *bedporosity-fvc::div (turbulance) -
momentumresistance) ;

// --- PISO loop

while (piso.correct())
{
volScalarField rAU(1.0/UEgn.A());
volVectorField HbyA (constrainHbyA (rAU*UEqn.H(), U, p));
surfaceScalarField phisHbyA
(
"phisHbyA",
fvc::flux (HbyA)
+ fvc::interpolate (rAU) *fvc::ddtCorr (U, phis)
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)i
adjustPhi (phisHbyA, U, p);

// Update the pressure BCs to ensure flux consistency
constrainPressure (p, U, phisHbyA, rAU);

// Non-orthogonal pressure corrector loop
while (piso.correctNonOrthogonal())
{

// Pressure corrector

fvScalarMatrix pEqgn

(
fvm::laplacian (rAU, p)==

(1/bedporosity) *fvc: :div (phisHbyA) +gasgeneration/rhog

);

pEgn.setReference (pRefCell, pRefValue);

pEgn.solve (mesh.solver (p.select (piso.finalInnerlIter())));

if (piso.finalNonOrthogonalIter ()
{
phis = phisHbyA - pEgn.flux();
}
}

#include "continuityErrs.H"
U = HbyA - rAU*fvc::grad(p):;

U.correctBoundaryConditions () ;

}

// —--End Piso loop

#include "kepsilon.H"

#include "heatrelease.H"

#include "radiation2.H"

#include "phicp.H"

#include "TgEgn.H"

#include "TsEgn.H"

#include "TgrateEgn.H"

#include "gasspeciesconservationEgn.H"
#include "solidmassconservationEqgn.H"

}

runTime.write () ;

Info<< "ExecutionTime = " << runTime.elapsedCpuTime () <<
<< " ClockTime = " << runTime.elapsedClockTime () << "
<< nl << endl;

}

Info<< "End\n" << endl;

return 0;

// KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A Ak A Ak kA kA kA kA kA kK k //

phibed.H

//calculation of face fluxes due to bed shrinkage and grate movement

surfaceScalarField phibed

(

"phibed",

linearInterpolate (Ubed) & mesh.Sf ()
)i

surfaceScalarField phimass

(

"phimass",
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fvc::interpolate (solidwetmass25*rhoc) *phibed
) i
surfaceScalarField phimassx
(
"phimassx",
linearInterpolate (Ugrate* (solidwetmass25*rhoc)) & mesh.Sf ()
//fvc::interpolate (ttsolidwetmass) *phigrate
) i
surfaceScalarField phicp
(
llphicp",
linearInterpolate ( (mWood+mchar+mash+mMoisture) *Cps*Ubed) & mesh.Sf ()
) i
surfaceScalarField phigratecp
(
"phigratecp",
fvc::interpolate ( (mWood+mchar+mash+mMoisture) *Cps) *phigrate
) i

TsEqn.H

//Solid phase energy equation:

fvScalarMatrix TsEgn

(

(fvm::ddt ( ( (mWood+mchar+mash+mMoisture) *Cps) +x, Ts)

+fvm: :div (phicp, Ts)
+fvc::div (phigratecp, Ts)
-fvc::laplacian(DTs, Ts)

+h* (Ts-Tg) *A*neg (0-selectionvalue) +Dryingheat+woodheat-HC 0O2+HC CO2+HC_ H20-
HC H2- (abscoeffsolid*G-4*abscoeffsolid*sigma*pow (Ts, 4)) *neg(0-
selectionvalue) /unitlength)

) i
TsEgn.solve () ;
TsEgn.setValues (removedCells, valuesToImpose) ;
Ts = Ts*pos (Ts-300*Temp) +300*Temp*neg (Ts-300*Temp) ;
Ts=Ts*pos (1500*Temp-Ts) +1500*Temp*neg (1500*Temp-Ts) ;

solidmassconservationEqn.H

//solve equations for solid species conservation//

//solve wood conservation equation;
fvScalarMatrix mWoodEqgn
(
fvm: :ddt (mWood)

+fvm: :div (phibed, mWood)
+fvc::div (phigrate, mWood)
-RWood
)

mWoodEgn.solve () ;

//solve char conservation equation;

fvScalarMatrix mcharEgn
(
fvm: :ddt (mchar)
+fvm: :div (phibed, mchar)
+fvc::div (phigrate, mchar)
+0.15* (RWood) ~Rgasification-Rcombustion
)i

mcharEgn.solve();

//solve Ash conservation equation;

fvScalarMatrix mashEqn
(
fvm: :ddt (mash)
+fvm: :div (phibed, mash)
+fvc::div (phigrate, mash)

155



+0.034* (Rgasification+Rcombustion)
) i

mashEgn.solve () ;

//solve moisture conservation equation;
fvScalarMatrix YMoistureEgn
(
fvm: :ddt (YMoisture)
+fvm: :div (phibed, YMoisture)
+fvc::div(phigrate, YMoisture)
-Rdrying/ (solidwetmass+le-25*rhoc)
)i
YMoistureEqn.solve () ;

dimensionedScalar moisturefactor=(sum(YMoisture o)) /sum(one*neg(0-
selectionvalue o)) *rhoc;

dimensionedScalar woodfactor=(sum(mWood o)) /sum(one*neg(0-selectionvalue 0));
mWood = pos (mWood-0*rhoc) *mWood+neg (mWood-0*rhoc) *0*rhoc;

YMoisture=pos (YMoisture-0) *YMoisture+neg (YMoisture-0) *0;

YMoisture=pos (0*rhoc-mWood) *0+neg (0*rhoc-mWood) *YMoisture;

YMoisture=pos (moisturefactor-YMoisture) *YMoisture+neg (moisturefactor-
YMoisture) *moisturefactor*pos (mWood-mWood o) +neg(moisturefactor-YMoisture) *neg (mWood-
mWood o) *0;

mMoisture=YMoisture*solidwetmass;

mchar = pos (mchar-0*rhoc) *mchar+neg (mchar-0*rhoc) *0*rhoc;

mash = pos (mash-0*rhoc) *mash+neg (mash-0*rhoc) *0*rhoc;
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