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ABSTRACT

Biomass is recently gaining popularity in industry as a promising source of renewable
energy. Gasification of biomass is a major thermal conversion method to improve the
efficiency of raw biomass fuel. It is a process by which biomass is partially oxidized to
produce a combustible gas named Syngas; a mixture of carbon monoxide, hydrogen and
methane. Although the gasification technology is used throughout the history and there are a
large number of gasification plants worldwide, their smooth operation remains questionable.
This is due to a lack of understanding of proper design criteria. In order to gain insights to
optimal design parameters, mathematical models and computer simulations based
performance analysis can be used. Recently Computational Fluid Dynamics (CFD) analysis
has been applied by many researchers as a tool for optimizing packed bed processes
including gasification process. In this research study, a two dimensional CFD model has
been developed for an updraft biomass gasifier. The model uses air as the gasifying medium
and a fixed batch of biomass. The model is capable of tracking the movement of interface
between solid packed bed and gas free board due to bed shrinkage. The two phase model is
developed using the Euler-Euler approach. The model consists of several sub models,
including reaction models, turbulence model for packed bed gas phase and free board, a
radiation moéé_%for solid phase, a.bed shrinkage,model, and interphase heat transfer models.
The final matRgnatical model js converted jnto a numerical model using open source CFD
tool OpenFéAM Required code was developed by using C++ language in OpenFOAM
package, including all the relevant differential equations and procedures in the CFD model.
To validate the CFD model, simulation results for gas temperature and gas compositions are
compared against experimental gas temperatures and compositions measured from an
operational laboratory gasifier. The validated model is used to perform air flow rate
optimization. A series of CFD simulations were performed for air flow rates ranging from
3 m%hr to 10 m¥hr for a computational geometry corresponding to the experimental gasifier
and cumulative CO was calculated. It is found that cumulative CO production maximized at

7 m¥hr airflow rate. The maximum cumulative CO volume was 6.4 m®.
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Chapter 1

INTRODUCTION

1.1 Use of biomass as a renewable energy source

With the depletion of fossil fuels, worldwide research has been focused on finding
alternative and renewable energy sources. Biomass is one of the major renewable
energy sources of the present world accounting for nearly 10 -15 % of the current
worlds energy consumption [1]. It is expected to meet half of the world’s primary
energy consumption in future [2]. Presently, biomass is a widely used industrial
energy source of Sri Lanka, which is used in tea, rubber and porcelain industries of
the country. Sri Lanka has a large quantity of biomass reserves for energy
generation. The waste from agricultural industry such as rice husks and hay can be

turned into a valuable energy source for the country if efficient conversion methods

were applied.

Biomass caj. WO, main, ways proguce, enetrgy industry; direct
combustio e iconversion o a- segondary fueh[31. Direct, bio combustion can
be observed# biomassiheilais andfurnade | wood chips are
directly combusted to produce energy. In Sri Lankan tea industry, fire wood boilers

are widely used to produce the heat required for tea drying process. The direct
combustion of biomass has limited applications in process industry due to several
drawbacks it introduces. One such problem is that direct combustion of biomass
cannot produce high temperature flames required by certain applications and the
versatility of biomass is also low. Because of these drawbacks, conversion of

biomass into secondary fuels is gaining attention.

There are three main ways of conversion of biomass into secondary fuels; i.e thermo-
chemical, bio-chemical and extraction processes [3],[4]. In thermo chemical
conversion of biomass, biomass is cracked to constituent chemical compounds by
application of heat. Gasification of biomass is one such thermal conversion process
which is widely applied to produce a secondary fuel gas called Syngas. This gas is a

mixture of carbon monoxide, carbon dioxide, hydrogen, methane, small amount of



light hydrocarbons and nitrogen [5],[6]. The gas produced is more versatile than
original raw biomass fuel and can be used for a variety of applications. Examples are
powering gas turbines, gas engines, as a fuel for high temperature furnaces. It can
also be used as a raw material to produce liquid biofuels [6].

With a large amount of available biomass reserves, Sri Lanka has a good potential to
utilize gasification technology to produce Syngas. However, this technology is still at
the development stage and significant amount of research should be performed in the
field to design efficient industrial scale gasifiers that will contribute to country's

energy demand.

The present work contributes to this aim by developing a comprehensive numerical
model for an updraft biomass gasifier, which can be used as a tool for design

optimization of biomass gasifiers.
1.2 Biomass gasification

Gasification is a process by which biomass is partially oxidized at elevated
temperaturegutp produce a tombustible’ gas ‘named Syngas or producer gas. The main
reactions takmg place In gasification pracess can be listed as follows [7], [8], [9],
[10]. '

Table 1.1: Chemical reactions in a Gasifier

Heterogeneous reactions

Pyrolysis of biomass Wood — C + volatiles + Ash
Partial oxidation of biochar C+0.50, - CO
Carbon dioxide gasification C+C0O, - 2C0

Water gasification C+H,0 - CO+ H,

Homogeneous reactions

Carbon monoxide oxidation CO+ 0, > CO,
Formation of water H, + 0, - H,0
Methane oxidation CH, + 150, —» CO + 2H,0
Water gas shift reaction CO0+ H,0 & CO,+ Hy




Biomass gasification can be classified according to gasification medium, gasifier
type and configuration. Three main types of product gases based on calorific values
can be obtained by varying these operational parameters [6]. The main gasification
agents are: air, steam, air-steam mixture and oxygen-steam mixture [6] . The use of
pure oxygen as the gasification medium is expensive and requires a complicated
reactor, because of this, air is used. However, the nitrogen present in air dilute the
product gas and air gasification can only produce outlet gases with low calorific
values, usually between 4-6 MJ/Nm?>. The pure oxygen gasification results in high
quality gas with a calorific value of 10 — 18 MJ/Nm®. Oxygen-steam mixture can
produce gases with a calorific value of 13 — 20 MJ/Nm®. Using hydrogen and
hydrogenation can produce gases with significantly higher calorific values of around
40 MJ/Nm® [6].

1.3 Gasifier types

Gasifiers can be classified as fluidized bed gasifiers and fixed bed gasifiers. Fixed
bed ga5|f|ers vary in configuration, major configurations are updraft, downdraft and
cross flow gas|f|ers and are simpler in design [6]; Schematics of these gasifiers are
illustrated m #igure 1. Fluidized, bed, gasifiers can be classified as circulating
fluidized bed ga5|f|e|s and bubbling bed gasifiers. About 75% of the energy content
of the initial biomass fuel can be recovered from the produced gas in packed bed
gasifiers. The energy loss is mainly because of the heat loss due to sensible heat
carried away by the product gases and radiation losses. The typical composition of
the produced Syngas in a fixed bed gasifier operated with air is: 45-55 % Nitrogen,
less than 10% hydrogen, 15-20% carbon monoxide, 15-20% carbon dioxide and less
than 5% methane [6].
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Figure 1.1: Schematic diagram of fixed bed gasfiers. (a) Updraft (b) Down

draft (c) Cross flow

J'Nit\\‘_l
1.3.1 Fixed8a pasifiers
1.3.1.1 Updraft gasifiers

In updraft gasifiers, biomass feed is introduced from the top of the gasifier and
gasifying medium is introduced from the bottom through a grate. Four regions can be
identified during the operation of these gasifiers [8]. Immediately above the grate,
where oxygen is abundant, combustion reactions take place and biomass is
combusted to produce heat. This zone is called the combustion zone. Above the
combustion zone, where oxygen concentration of the gasifying medium is low, bio
char produced as a result from the heat generated from the combustion zone is
gasified. This zone is called the gasification zone. The main reactions taking place in
this zone are carbon dioxide gasification and steam gasification. Above the
gasification zone the biomass conversion into char takes place as a result of heat
generated by lower regions. This zone is called the pyrolysis zone. In the topmost

layer of the packed bed, temperatures are low for pyrolysis process to initiate. In this

afb outlet



zone, moisture of the biomass is evaporated and biomass is dried. This region is
termed the drying zone. These zones are illustrated in Figure 1.2. The temperature of
the producer gas produced in updraft gasifiers is considerably low, making the

overall energy efficiency of the gasifier high.

Drying zone

Pyrolysis zone

Reduction zone

Combustion zone

Figure 1.2: Main reaction zones of biomass packed bed in an Updraft Gasifier

1.3.1.2

™ : ‘ .
In dow! il'affvéa:s | aiis Hitroguged from a sideofithe pact xd and moves in
downward @greetion LT heoreactionz ol updraft gasifier

expect the location of combustion and gasification zones are allered. The gasification
zone becomes the lowest layer with combustion zone on top of it [7]. Because of the
high temperatures of the outlet zone, the temperature of the gas leaving the gasifier is
high. This reduces the overall energy efficiency of downdraft gasifiers. Because the
outlet is nearer to the combustion zone, the particulate matter in the outlet gas is also
high. However, the movement of the gases through the hot gasification zone allows
the partial cracking of tar formed during gasification. This results in a gas with low

tar content [6].
1.3.1.3 Cross-flow gasifiers

In cross flow gasifiers, air is introduced at the side of the packed bed and withdrawn
from the opposite side at the same level [6], [7]. The gases leaving the gasifier are at

a high temperature, making the efficiency of the process low.



1.3.2 Parameters affecting the quality of the produced gas

The composition of the produced gas depends on many parameters. These include;
gasifying medium, gasifier type, properties of biomass, moisture content, particle
size, temperature of the gasification zone, operating pressure, equivalence ratio [5].
For a given gasifier, two main parameters determine the quality of the produced gas.
These parameters are gasification temperature and equivalence ratio. As temperature
of the gasification zone increases, the hydrogen content of the Syngas increases

while Carbon monoxide, Carbon dioxide and other gas concentrations decrease [5].

The gasifier equivalence ratio is defined as the amount of oxygen supplied to the
gasifier divided by the amount of oxygen needed for the complete combustion.
Studies have shown that higher equivalence ratios results in poor gas quality. This is
because when equivalence ratio increases complete combustion of biomass is
favored. The most effective value of equivalence ratio for a given process depends

on several other factors as well, these factors include, gasifier configuration and fuel

type. I _ ed with wood,
equival eg,ga«u ) between 0.3-0:35 produce outlet’gases With tow calorific values of
around 1008 ke > S0 searchg ‘ performance of
updraft gasifi found that an

equivalence ratio of 0.25 gave the best performance [5]. However these values are

very sensitive to the properties of the feedstock and gasifier geometry.

The moisture present in the biomass feed affects the composition of the Syngas as
well as the operation of the gasifier. Presence of excessive moisture in biomass
reduces the overall energy efficiency of the system, because a large amount of
energy is used to evaporate the moisture present in biomass. Also it has been found
that the carbon monoxide content of the Syngas is high when biomass moisture
content is low. Higher moisture contents increase the carbon dioxide fraction of the
produced gas, thus reducing its quality. High moisture contents reduce the
temperature achieved in the oxidation zone as well, this results in incomplete
cracking of pyrolysis products [6]. Typically biomass moisture content should be

lowered to a value between 10-15% dry basis before feeding it to the gasifier. This



value may change according to the other operational parameters. This requirement of

pre-drying introduces significant energy costs to the process.

The suitable particle size of the feed material depends on the geometry of the
gasifier. Larger particle sizes can prevent the feed from moving downwards and
smaller paricles can result in closely packed conditions, causing higher pressure
drops [6].

Another factor that affects the quality of the produced gas is superficial velocity. It is
defined to be equal to gas flow rate divided by the cross sectional area of the gasifier.
Low values of superficial velocity results in slow pyrolysis of biomass with a higher
yield of char. Higher superficial velocities reduces the efficiency of tar cracking
process [5]. The superficial velocity affects the final compositions of the combustible

components in the outlet gas, and is therefore an important operating parameter.

1.4 Computational fluid dynamics modeling as a tool to optimize biomass

gasifiers

As desc véu[. previots section, a nunber of factors deterttiine the quality of the
produced oas of ifier. Jn St cases, t f | t on each other,
for an examp! 5 on the gasifier

type and properties of the feed material. This dependence makes the process
optimization of gasifiers difficult. Usually the data published on literature are for a
specific gasifier configuration and feed material. Using such data to control the
performance of a gasifier operated with a different feed will produce poor results.
This makes the design of gasifiers very specific to the feed material, geometry and
configuration. The values present in the literature can only be used as guidelines and
optimum values should be found for the case at hand. This can be done in two main
ways. One is the experimental approach and the other is through computer aided
simulations. Experimental approach follows a series of experiments, usually on
scaled down laboratory scale gasifiers [12], [13], [14]. Parameters such as the
optimum equivalence ratio can be determined by measuring the gas quality under
various equivalence ratios until the best results are obtained. However, experimental

approach introduces a series of difficulties and drawbacks. It is very difficult to



perform experimental analysis on pilot scales systems, especially when considering
geometry optimization, therefore scaled down models have to be used for
experimental analysis. The results obtained on scaled down systems may not fully
work on the pilot scale system. The scale down systems cannot be used to determine
the effects of biomass particle sizes, as particle size relies on the diameter of the real
system. Scaling down the particle size will not produce equivalent results because
the packing factors will differ between the two systems. Also, taking measurements
inside packed beds is a difficult task considering the higher temperatures present in
an operational gasifier [15]. Because of these reasons, the experimental approach is

usually difficult, time consuming, costly and the accuracy of the results are also low.

Therefore many researchers use the computer based approach to analyze packed bed
processes. A large number of research works are available in literature where
numerical models are used to optimize packed bed processes [2], [11], [16], [17],
[18]. Mathematical models offer certain advantages over the conventional

experimental procedure. Mathematical models can produce a large number of data

points >0} ] 110 Tewerexpenimental  data, fer jexample, when measuring
temperaturgeeRpgriniehtallanalysisl dapsorovidd tepyueratures at a finite number
of locations-aieng the packed bad Wwhile 'm de the complete

variation of the temperature profile over the region of interest. These models can be
used to analyze spatial distributions of variables with in the reactor [19]. With the
development of the computer hardware technology, computational fluid dynamics
(CFD) is widely applied as a numerical modeling tool. CFD models can be made to
match the exact geometry of the real scale gasifier, as a result no scaling down
problems arise, in CFD simulations, any number of input parameters can be easily
changed at will, including equivalence ratio, particle size, moisture content, feed
properties, superficial velocity etc. and results can be obtained. To do such an
analysis using experimental approach will require a serious effort and a large amount
of time and resources. CFD simulations are best suited to perform geometry
optimization. A large number of geometrical parameters can be optimized by simply
changing the computational mesh. Because of these advantages CFD models are now



widely used by researchers around the world as a tool to study and optimize
gasification process [7], [11], [16], [20].

1.5 Objectives of present research
The present research is focused on two main objectives.

e Study the thermo-chemical processes in an updraft biomass gasifier.
e Develop a comprehensive computational fluid dynamics model for an updraft
biomass gasifier and use this model for optimization of operational

parameters of a pilot scale gasifier.
1.6 A summary of the presented research

In the present work a two dimensional real-time two phase CFD model has been
developed for an updraft biomass packed bed gasifier. The model uses inlet air at
room temperature as the gasifing medium and a fixed batch of biomass. The biomass

batch is initiallv ionited bv a heat source which is removed after a certain amount of

time. And the e nathematicah medel is.capable of-maintaining the operation
N ” . .

by the owtigat emitteddiyccombustionasastidns ssotilthefue nished, as in the

real world ‘scen Since -the’ - aperationis 1sient and takes

into consideration the eifect of bed movement as a resuit of shrinkage. The model is
capable of tracking the movement of interface between solid packed bed and gas free
board. The two phase model is developed using the Euler-Euler approach. The model
consists of several sub models, including reaction models which govern the reaction
rates and compositions of the products, turbulence model for packed bed gas phase
and free board, a radiation model for solid phase, a bed shrinkage model, and
interphase heat transfer models. A novel low temperature drying model was
developed and applied to predict drying rates in the range of 300 to 473 K. This
drying model was simulated using MATLAB-Simulink simulation tool and validated
using experimental data for wood chip drying. The final mathematical model for the
gasifier is converted into a numerical model using open source CFD tool
OpenFOAM. A new code was developed using C++ language and available tools in

OpenFOAM package to include all the relevant differential equations and procedures



in the mathematical model. To validate the CFD model, simulation results are
compared against experimental data from an operational laboratory gasifier. It is

found that the model is in good agreement with experimental data.

The following list summarizes the input parameters of the developed model. These
parameters can be changed at run time. So the presented model can be used to

optimize all of these parameters for a given gasifer.
Input parameters of the developed model
Solid properties

e Particle size

e Packed bed porosity

e Density of the biomass feed

e Heat capacity polynomial coefficients

e Emission characteristics of the feed biomass as obtained by ultimate and
proximate analysis

o Initilg‘i’:'gry basis moisture centent

J Fibe{é‘é’turation vialug lefrihetbieniass species

e Pyrolysis activation energy and pre exponential factor of the feed biomass

e |Initial packed bed height
Gas properties

e Gas inlet velocity

e Inlet gas composition

e Inlet gas temperature

e Inlet gas density

e Relative humidity of the inlet gas
e Inlet gas pressure

e Turbulent properties of the inlet gas stream

10



Chapter 2
REVIEW OF PACKED BED MODELS

2.1 Modeling approaches

Numerical models for gasification process have been developed by many researchers
over the years. These models vary in complexity from very simple ones to
sophisticated models describing various phenomena occurring inside the reactor.
These models can be classified in various ways. Mainly, the models can be classified
depending on the dimensionality, resolution of the model and method of inclusion of
reaction Kinetics [1], [21]. When classifying dimensionally, the models can be
classified into three categories; one dimensional models, two dimensional models
and three dimensional models. One dimensional models describe variation of

parameters along the bed height only [2]. These models assume that the flow through

the gasifier ca treate . | flov del 1 to derive axial
temperatyrgemiafiles and compositions of the outlet gases, .But they cannot be used to
predict the e}:fec’ f.geometry variations o It not suitable to
design ation of process

variables in axial and radial directions of the gasifier [1], [11]. Since most gasifiers
are axisymmetric in geometry, these models provide a good description of real world
scenario. Two dimensional models can be used to study the effects of symmetric
geometry changes of the design. Three dimensional models, which are very rare in
literature and are computationally very costly, consider variations of the fields in all
three directions and are the most accurate model class [15]. However, there use is
limited due to the computational cost involved as compared to the two dimensional
models, which provide good results in symmetric cases. Three dimensional models
are useful when analyzing non symmetric phenomena such as channeling with in the
packed bed.

The other method of classification is by resolution of the model. The gasification
process consists of a multiphase system of solid and gas phases. Models can be

11



classified according to the way these two phases are mathematically treated. Three
main classifications can be identified from the literature. These are: single particle
models, two fluid models and Euler-Lagrange models. Single particle models
describe the drying, pyrolysis, combustion and gasification of a single biomass block
[9], [22]. These models cannot be applied to packed bed processes. These models are
usually highly comprehensive and take into consideration the mechanisms of internal
species transport, various anisotropies of the physical properties of the wood, such as
anisotropy in diffusion coefficients [18], [23]. They are very accurate in describing
the thermal conversion process of a single biomass particle. The two fluid models or
the Euler-Euler models are the most common modeling approach used to model
packed bed processes. In this method, biomass packed bed is considered as a
continuous porous media, consisting of a solid phase (biomass) and a gas phase [24].
Both the gas and solid phases are treated as fluids and when deriving the governing
transport equations, a volume of fluid approach based on the value of porosity is

used. These models are computationally less costly and provide a good description of

packed p >esses occurring
within the ﬁls rticles,” ang- therefore accuraté only when particles of the
packed beel r“"an ? red thermally; is usually valid
for pac ) agrange models

treat solid and gas phases separately. In this approach gas phase is modeled as a
continuous fluid and the solid phase is considered as a sum of individual particles.
All the interactions among the particles are considered. Equations are solved for each
particle separately and combined to get the final result [15], [25], [26]. Though this
approach is highly accurate, it demands high computing facilities and longer times to
simulate, because biomass packed bed consists of large number of separate particles.

A limited number of these models exist in literature.

Mathematical models can also be classified according to the way chemistry is
treated. There are two classes of models: equilibrium models and kinetic models
[27]. Equilibrium models are based on chemical equilibrium of the process and the
results of the computations based on equilibrium models do not often agree with the

actual experimentally observed gas compositions at the exit of the gasifier [11].
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Kinetic models are developed based on the chemical kinetics of the reactions taking
place inside the gasifier. The Kkinetic rates of reactions are obtained from
experimentally determined correlations and these models are often highly coupled
with transport phenomena of the process [2], [8], [11]. This is mainly because
reactions rates in combustion processes are often controlled by diffusion and
homogenous reaction rates are controlled by turbulent mixing [1]. Kinetic models
produce better results that are closer to experimentally observed values as compared

to equilibrium models.
2.2 Governing transport equations

In order to obtain the distribution of variables of interest (gas molar fractions,
temperatures, pressure distribution, velocity distribution) an equation governing their
distributions need to be solved. These equations are called the governing transport
equations. The governing transport equation for a general scalar quantity @ is

obtained by considering the conservation of @ over a differential volume element of

the sol _ . equations for
momen .4@3{1 [ ' d” system.
2.2.1 Monfeaeim conservation Bguation

The momentum conservation equation is derived by applying the momentum balance
in each coordinate direction to the differential volume element shown in the Figure
2.1.

I (x+Ax,y+Ay,z+ Az)
[
Q)XX
—_—
Z
y @y
Q)ZX

X

Figure 2.1: Differential volume element located in flow domain and x
momentum fluxes across its faces.
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The momentum balance can be written as [28],

Rate of increase of momentum = rate of momentum in — rate of momentum out
+ external force

The fluxes of x momentum are shown in Figure 2.1

@;; is the combined momentum flux tensor which can be interpreted as the flux of j

momentum in i direction.

Based on these fluxes, the total rate of x momentum into the fluid element can be

written as,
(Qxx)leyAZ + ((Dyx)lyAxAZ + (sz)lexAy
And the total rate of x momentum out of the system is equal to,

"-;(Qxx)l,\%AxAyAZ 54 ((Dyx)ly-i-AyAXAZ b (ozx)lz—!—AzAXAy
=)
The external-gravitationak foree anthe Fluid element in x direction is given by,

PG, AxAyAz

Substituting these expressions in the momentum balance relation results in,

9]
AxAyAz —pU.
Xyzatpx

= AyAZ((Q)xx)Ix - (Qxx)|x+Ax) + AxAZ( (Q)yx)ly - (Q)yx)|y+Ay)

+ AxA}’(((sz)lz - (¢zx)|z+Az)
+ pg,AxAyAz (2.1)

Dividing the entire equation by AxAyAz and re arranging,
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—pU
atpx

_ (®xx)|x+Ax - (Q)xx)lx _ (®yx)|y+Ay - (Q)yx)ly _ (¢zx)|z+Az - (®zx)|z+Az
Ax Ay Az

+ pGx (2.2)

Taking the limit as Ax, Ay, Az go to zero, results in the following partial differential

equation for the x component of velocity,

d 0

9] 9]
apux - _(a(z)xx +@¢yx +£®2x> + pYx (23)

By similarly considering the fluxes in other directions, equations for y and z

momentum can be derived as expressed below.

0 U, = (a(b + 29 +a®)+ 2.4
at??r T T\ax T Tyt T 0w ) T P9y (24)
0 oy, - (0@ + 2 +a®)+ 25
atp z ‘j_rax Xz ay vz dz zZZ PY; ()

For a genég@¥Febordinate direction 1, these equations can be Written as

d
apui = —[V.0]; + pg; (2.6)

Where V. @ represents the contraction of the second order momentum flux tensor

with the differential operator %

Combining the separate equations for each coordinate direction, the final vector form

of the momentum equation can be written as,

]
5 PU = —[v.8] + pg (2.7)

The combined momentum flux tensor @ is given by,

0= pURQU +pd+t (2.8)

15



Where § is the kroneker delta symbol and t is the molecular momentum flux tensor.

For a Newtonian fluid, t is given by Newton’s law of viscosity,

T= —uvU (2.9)

Substituting these relations into equation X, results in the transport equation for

velocity,

d
apU = =V.(pUQU) — Vp + uV.VU + pg (2.10)

For a gas flow, the gravitational force can be neglected compared to other terms
present in the equation, therefore the final governing equation for the gas phase
velocity is,

)
5.PU +V.(pURU) — V.U = —Vp (2.11)

246
3

222 T i)ue_fa‘i gawatidn

The governing equation for temperature is obtained by considering the energy

balance for a differential volume element as shown in Figure 2.2,

I (x +Ax,y + Ay, z + Az)
I
ex
—
z
;w2
eZ

Figure 2.2: Differential volume element located in flow domain and
energy fluxes across its faces.
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The energy balance can be written as [28],
Rate of increase of energy = rate of energy in — rate of energy out + sources

The rate at which energy enters the fluid element in all three directions can be

written as,

ex|xAyAz + ey |, AxAz + e, |, AxAy
Where e is the energy flux vector of the fluid,
The rate at which energy flows out of the fluid element is equal to,

€x |x+AxAyAZ + €y |y+AyAxAZ te; |z+AzAxAy

Substituting these quantities in energy balance results in,

a /1 -\
AxAyA
N
= (ey|, + é}}h BYAZ o Gd T hErbye o) 85642 3 Chla T 2 )JAXAY
+ AxAyAzS= (2.12)

Dividing by AxAyAz and re arranging gives,

g <1 U? + ﬁ)
ac\2PY TP
ex|x+Ax - exlx _ eyly—i—Ay - eyly . ez|z+Az - ezl

V4
= - S (2.13
Ax Ay Az 5 ( )

Taking the limit as Ax, Ay, Az go to zero results in the following partial differential

equation for enthalpy.

de, de, Ode
z 4 Z>+S (2.14)

a(l U? + ﬁ)— +—=+
ac\2P7 TPY) = T %Bx T oy T ez
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In vector notation, this can be written as,

Jam ~
a(EpU +pU)= —V.e+S (2.15)

The energy flux vector, e can be written as [28],

1
e= (EPU + pU) U+ [t.U]l+pU+q (2.16)
Substituting this expression in equation 2.15 results in,

d /1 N 1 -
a—t<§pU2+pU) = —V.(EpU2+pU>U—V. [t.U]-V.pU—-V.q+S  (2.17)

This equation can be further simplified using the equation of mechanical energy of a
fluid, obtained by taking the dot product of velocity vector with momentum

conservation equation.
(1 1,
&<§pU ) = —V.5pUU = V.pU +pV.U = V.[r.U] + : VU (2.18)

Where : repfze’;ént the-doubleinker prodict of theltwosecond order tensors T and VU.

Substituting équation 2.181n 2.17 and simplifying results in the following equation

for the specific internal energy of the fluid,
d, . ~
%(pU) = —V.pUU-V.q—pV.U—-1:VU + S (2.19)

For a perfect gas [29],

U= C,T (2.20)

Substituting for internal energy in equation 2.19 and re arranging,

opC,T
ot

+V.pC,TU+V.q= —pV.U—-7:VU + S (2.21)
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By defining the source term as,
Sp=S—pV.U—-1:VU (2.22)
The energy equation can be written,

dpC,T
ot

+V.pC,TU+V.q = S; (2.23)

Finally, q can be expressed in Fourier’s law for heat conduction by [28],
q= —kVT (2.24)

Substituting this in equation 2.23 gives the transport equation for temperature of the
fluid.

opC,T
ot

+V.pC,TU — V. (kVT) = S; (2.25)

2.2.3 Speci;és'k:pnservation dguations
&
The tranqu’rft_i;équation far each speeies-isjebtained by considering the mass balance

of respective species over an elemental volume as shown in Figure 2.3.

I (x+Ax,y+Ay,z+ Az)
[
nx
— >
Z /
A ny
N CR)

nZ

Figure 2.3: Differential volume element located in flow domain and mass
fluxes across its faces.
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Mass balance equation can be written as [28],
Rate of increase of mass of species i = Rate of mass in — Rate of mass out + source
The rate of mass of sepecies i into the volume element is equal to,
n;| AyAz + n;|, AxAz + n;| ,AxAy

Where n; is the mass flux vector of the i"" species.
Rate of mass of species i out of the control volume can be written as,

Nl +axBYAZ + 1|y 40y AXAZ + 1y | 540, AXAY
Substituting these expressions into mass balance equation results in,

9
AxAyAz — (pY;
xyzat(pl)

= (nilx - ni|x+Ax)AyAZ + (nily - ni|y+Ay)AxAZ + (nilz - ni|z+Az)AxAy
+ AxAyAzr; (2.26)

Where 7, isﬂfé'rate oflgenetation affidhyeygh dnemdealiraaetions.
Dividing by AxAyAz and re arranging results in,

Nilx+ax — Nilx _ ni|y+Ay - nily o lz+az — Mil2
Ax Ay Az

d

Taking the limit as Ax, Ay, Az go to zero results in the following partial differential

equation,

a(Y)— (ani+ani+ani)+ 2.28
ac PV T T\ax Tay T az) T (2.28)
In vector notation, above equation can be written as,

0

—(@Y) = -V.n, + (2.29)

Jt
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The mass flux vector n;, consists of convective and diffusive mass transfer terms and

is equal to [28],

n = ji+pU (2.30)
Where p; is the density of the i species and j; is the diffusive flux of i species.

Jji is given by Fick’s law of molecular diffusion according to [28],

Ji = —pD;VY; (2.31)
Using above expression, n; can be written as,

n; = —pD,VY; + pY,U (2.32)
Substituting in equation x and re arranging gives the governing transport equation for
the species mole fraction Y;

0
a(pYi) + V. (pY;,U) — V.(pD;VY;) = ; (2.33)

2.3 Re .l.l@fi‘-i MOAELS

In order to eval the Source terms prese s derived in the
previous section, rates of the chemical and thermal processes in gasifier should be
known. These rates depend on many factors, such as chemical kinetics, diffusion
rates of gas species, porosity of biomass particles. In order to obtain accurate
expressions for reaction rate and source terms, an understanding of chemical and
thermal processes is required. This section reviews the four important processes in a

gasifier and modeling approaches used to model these processes.

The main chemical processes in a gasification process are [8]:

e Drying
e Pyrolysis
e Reduction

e Combustion
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In mathematical modeling of a gasifier, these processes are included in the
mathematical model as rate terms in transport equations. Because of this, in
modeling view point, the most important parameter of these processes is the rate of
the process. A number of different models are available for describing the rate of

each of these processes. These models are described in following sections.
2.4 Drying

Drying is the removal of moisture from raw biomass fuel by absorption of heat from
the environment. As described in Chapter 1, the moisture content directly affects the
thermal efficiency of a gasifier. Also, some chemical reactions in the gasification
process involve moisture present in the gas phase, for a gasifier operated using air, as
in the present case, the main source of gas phase moisture is the drying process. The
evolution of biomass moisture is solely governed by drying rate. Therefore, accurate
modeling of drying process is important for successful modeling of gasification
process. Two types of major drying models are used in literature to obtain
express and equilibrium

models [21 g@
2.4.1 Firstetder kinetic model

This is the most common model used to describe drying in literature and are used by
researchers in simulating gasification process [8][24]. The model expresses drying
rate by an Arrhenius type equation given by,

_Ed

rq = Aexp (R_TS> Pmoisture (2.34)

2.4.2 Equilibrium model

These models are based on the assumption that water vapour is in equilibrium with
liquid water. The rate is expressed as proportional to the driving force developed as a
result of moisture deference at biomass particle surface and surrounding gas stream

[30][31]. The rate equation in equilibrium model is given by,
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Tqg = kA(pm,surface - pm,gas) (235)

In kinetic models it is difficult to incorporate the effects of external factors such as
air flow rate, air humidity and wood properties such as density, thermal conductivity,
heat capacity and particle size on drying process. This limits the accuracy and scope
of the final model because the model cannot be used to predict the impact of above
mentioned properties on efficiency of conversion process. They can be applied for
high temperature drying processes [8]. Equilibrium models can be used to consider
these effects through the value of mass transfer coefficient k. They are however
applied for predicting low temperature drying rates. In the present work, a drying
model is developed for low temperatures which incorporate the effects of particle
properties and air flow on the drying process. This is discussed further in chapter 3.

For higher temperatures, drying rate is modeled by equation 2.34.

2.5 Pyrolysis

Pyro|ysic ic the tharmal decomnoncitinn nf hinmace intn vnlatile gases and char.

Pyrolysis infyc § bswebydnitiatdd et 4730 Kof20]5Thé basicphenomena that take
e\ _ . . .

place d iné,p?yr( sis @re Ihedt transifebdrom. a heatSourcd léa 0 an increase in

fuel ter *r’,;{ﬁﬂ" Vifiation ‘of ovrohrere ra sed tempera’ture

and reduction of biomass Into volatiles and char. Pyrolysis Is an important step in
gasification process because products of pyrolysis process are the reactants of all the
other chemical processes that take place in the system. The decomposition of wood
as a result of pyrolysis involves a complex series of reactions, taking place in
different pathways. These pathways may depend on heating conditions and biomass
species. This complexity of pyrolysis phenomenon has presented a considerable
challenge in developing mathematical models for pyrolysis process.

The basic constituents of wood are cellulose, hemicellulose and lignin[32]. The
products of pyrolysis are a combination of products obtained by separate pyrolysis of
each of the basic constituents. The main products of cellulose pyrolysis are char, tar
and gaseous products. Hemicellulose mainly decomposes into more volatiles and

produces a lower amount of char and tar. The main product of Lignin pyrolysis is
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char. The pyrolysis of wood can be separated into two steps: Primary pyrolysis and
secondary pyrolysis. Primary pyrolysis is the decomposition of basic constituents of
wood and during secondary pyrolysis, the products formed in primary pyrolysis is
further decomposed [10][32]. Hemicellulose decomposes when temperature of wood
is in the range of 473 K to 553 K, releasing volatiles, mainly carbon monoxide and
carbon dioxide. From 553 K to 593 K, the decomposition of cellulose takes place,
again releasing volatiles, when temperature exceeds 593 K, Lignin decomposes,

mainly forming carbon.

For modeling purposes, pyrolysis process is represented by simplified reaction
schemes. Various researchers have developed different reaction schemes of varying
complexity [2][10][11][32]. Some of these schemes are illustrated in following

section.
wood — char + tar + gas

tar — char + gas + heat

é“"’f‘* Figtire 2.4 T\Wo Step'global'pyrolysis seheme
=)

Above reactions destiibe d pyralysistmadel of two step global reactions. During
first step biomass decomposes inio char, tar and volatiles. During second stage,

decomposition of tar into char and volatiles take place.

/

Biomass

Gases

Char —— Gases + Char

Figure 2.5: Parallel pyrolysis scheme
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Parallel pyrolysis scheme is presented in preceding reactions. Biomass is
decomposed into char and volatiles through parallel reactions and char and volatiles

further react to form secondary gases and char.

Another parallel scheme is presented in following reaction paths. Biomass is
decomposed into volatiles, char and tar through parallel reactions and tar gets further

decomposed into secondary tar and gases.

gas

e

Solid wood —_— tan, » tar,+ gas

char

i
E_‘f_‘Figure 2.61Rarallel pyrolysis schemewith(ar decomposition

The reaction rate of each component reaction in above schemes is caiculated

according to an Arrhenius relationship as given by following equation [24].

= Aipwood exp (R_Tl) (236)

The parameters of this expression differ for each reaction and are stated in literature
[10], [33].
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2.6 Heterogeneous reactions: Combustion and Gasification

After pyrolysis is complete, the main reactions that contribute to the production of
Syngas are gasification and combustion. Because of the height of the biomass packed
bed and ignition is done at the bottom, different parts of the packed are in different
stages through the process. In the bottom region, where oxygen is abundant, main
reaction taking place is combustion. Heat generated in the combustion zone is
responsible for pyrolysing the rest of the packed bed. This heat is usually conveyed
to the higher layers of the packed bed through thermal radiation. When pyrolysis is
complete in the top layers, char formed cannot undergo combustion reactions
because oxygen concentration is very low. The char gasifies reacting with carbon
dioxide and moisture present in the gas phase. The stoichiometries of combustion

and gasification reactions are as follows.

C+a0,->2(1—a)CO0+ 2a—-1)CO, (2.37)
C+C0O, - 2C0 (2.38)
C+H gm(, (2.39)
The par ='éte.:,rir Yepentliertohlthe fidelte [1], [21],
2 + Aexp (RYL"?)
Q= (2.40)
<1 + Aexp ( ))

The actual reaction rates of these reactions depend on two factors. The kinetic rate
and mass transfer rate of the reactant gas into the surface of the porous char. Usually,
the reaction rate is limited by the mass transfer process, because mass transfer rates
are much slower than the kinetic rates at higher temperatures. The kinetic rates of
above reactions can be generally expressed as [9],

Ei Mc
) b (2.41)

i = A A Teexp (— R,

Ngeo M;

26



Mass transfer rate of a reactant gas to the surface of the char particle can be
calculated by [31],

Tm’l- == km'jAij (242)

It is assumed here that kinetic rate is larger compared to the mass transfer rate so that
reactant gas undergo immediate conversion at the surface of the char particle. Hence

its density is equal to zero at the surface of the char particle.
The mass transfer coefficient of | gas, k ;, is evaluated using following correlation
[21].
1
Sh; = 2+ 0.1Sc3Re%® (2.43)

The overall reaction rates of heterogeneous reactions are obtained by evaluating the
equivalent parallel resistance of the kinetic and mass transfer rates, this is given by,

Tk, iTm,i
Tk

T = (2.44)

&
IS
NN -

2.7 Hor

Following homogenous reactions taking place between gas phase components are

considered in this study.

€O +0.50, - CO, (2.45)
H, + 0.50, - H,0 (2.46)
CH, + 20, - CO, + 2H,0 (2.47)
CO + H,0 & H,+ CO, (2.48)
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Expressions for kinetic reaction rate, r,, of these reactions are stated in literature [7]
and are listed in Table 2.1.

Table 2.1: Kinetic rate expressions for homogenous reactions

Reaction Kinetic rate expression

167
2.32 x 10%exp (— ﬁ> [€C01[0,]°%°[H,0]%°

CO +0.50, > CO, g

125

1.08 x 103 exp (— ﬁ> [H2][0,]

HZ + 0502 d H20 9

130

RT,

5.16 x 1013Tg_1exp<
g

)[CH4][02]
CH4_ + 202 - COZ + 2H20

CO+H20 L d H2+ C02

Ty

2.78 [CO,][H,]
12.6exp <——> [CO][H,0] ———
RT, ( T 0.0265exp (3968)>

s

\¥

TN .

7 Y :

The KinetiCT4te is the rate at wiich'réaction ts are abundant.
In gas phase reactions of a gasifier, reacting species are brought together by turbulent
mixing of gas phase. Because of this effect, Kinetic reaction rate is limited by the
turbulent mixing rate of the gas species. The turbulent mixing rate is calculated
according to the eddy dissipation model, which is given by equation (26) [1].

—4p Emin( 2t N 2.49
Tt,i_ pgkmln vjle’kak ( )

Where; j and k represents the reactants of reaction i.

The reaction rate for each gas phase reaction is taken to be equal to the minimum
value of kinetic rate and turbulent mixing rate [1].

1, = min(ry;, 1) (2.50)
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Chapter 3

MATHEMATICAL MODEL FOR THE PACKED BED

3.1 Computational domain and model description

Biomass pyrolysis process of a packed bed consists of a multiphase system of solid
and gas phases. The computational domain of the two phase system is shown in
Figure 8.

For modeling of such systems two approaches of mathematical models are used in
the literature [11], [15]. These are;

1. Euler-Euler models
2. Euler - Lagrange models

In Euler-Euler models both phases are represented as continuums and gas flow
through the packed bed is modeled as a flow through a porous media [1]. This

approach is used in many CED simulations of gasification and its sub processes [5]
8], [11]. .

In EuIer-Lééfange models| thenmotian | ef individual particles are considered in
approaches such as discrete element method and only the gas phase is modeled as a

continuum with CFD. The final model is expressed as a sum of individual

contributions of each particle and their interaction with surrounding gas phase [15].

Product gas outlet

Free board
Wal region Wall

Air inlet

Figure 3.1: Computational domain of gasifier model
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Euler-Lagrange models are more accurate in simulating packed beds because they
capture the real physics of the system more closely than Euler-Euler models.
However they require expensive computing facilities and considerably longer times

to simulate.

As a result, the Euler -Euler approach is used by majority of researchers to simulate

packed bed processes.

7

Free Board Region
Homogenous Reaction
Turbulence Model
. J

iy

Interface tracking model

A

=TV L) WA (6) ki ST = = \\

Sairs- mbalecttl : Msscrlmtens Model>

,
WWW. 110 4l ac Li<

Heat transfer Homogenous Reactiogs
Heteiogeineous < v
Reactions
Radiation Model ' '

\\ Solid bhase \ Gas phase //

Figure 3.2: Schematic diagram of mathematical model
3.2 Governing transport equations
Conservation equations for momentum, energy and species are solved in the gas

phase.

0
5cPegaUg + V. (pgeUg®Uy) — V. e, VU, = —£,Vp + V.55 (3.1)
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0pg€4Cy 4Ty

o L +V.p,6,C0 g Ty Uy — V. (,k,VT,)

= hA(T, — T,) + Z AH;T; homo + Ry pyro Cuog(Ts — Ty) (3.2)
i

d
a(pg )+ V. (pg‘gg U) V. (8 D VYi,g) = Zri,homo + Zri,hetero (33)
i

i

Energy conservation and species conservation equations are solved in the solid

phase,
0pse;Cs Ty
psa_st + V. pseCTUg — V. (e5kVT,)
o h ii\\‘!ﬁ e ié;ll; ‘ } AR harerey TG el A& (3.4)
7 o
€3
d
& (psgsyi,s) + V. (psSsYi,sUs) - V. (gsDi,sVYi,s) = Z Ti,hetero (35)

i

3.3 Drying model

The low temperature drying model is developed by making an energy balance over
the wood particle. It is assumed that heat is transferred to the wood particle by means
of convection from surrounding hot air and through radiation. The energy is
transferred from the particle as the latent heat of evaporated water. Moisture in wood
exists as free and bound water. Free water is liquid water and water vapour that is

present in pores and capillaries inside wood. Bound water consists of water
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molecules that are attached to the cellulose molecules by hydrogen bonding. When
all the free water have been evaporated, water exists in the wood only as bound
water. At this point moisture level is said to have reached fiber saturation point [23].
In this study water evaporation is assumed to occur in two stages. Evaporation of
water until fiber saturation point and evaporation of water beyond fiber saturation
point. For these two stages, two mass transfer coefficients are introduced. The first
stage mass transfer coefficient is taken to be dependent on external flow and the
second stage coefficient is assumed to be dependent on wood properties. The wood
particle and the heat flow are indicated in Figure 10. The energy balance equation is

given in Equation 3.6.

Heat transferintowood particle
through convection and radiation

\ | J

Figure 3.3: Energy transfer modes to wood particle

The energy balance for the wood particle results in
4 4 d .
hA(Tg - Ts) + O'EA(Tg — T ) = 7 (mcgTy) + mAmyAh, (3.6)

The moisture evaporation flux of the wood particle is generally written by using mass

transfer coefficient (k,, ) as follows [31],

m =k, (x* — xg) (3.7)
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Assumptions are used to evaluate quantities present in Equation 3.7. These

assumptions are discussed in detail in the following sections.
3.3.1 Assumptions used for calculating k,,

In the drying process the water which is present in wood in two forms, is removed by

two main processes as follows [34].

1. The transport of bound moisture from internal structure to the surface of the
solid. The process depends mainly on physical properties of the wood.
2. Evaporation of free water from the surface of the solid. This process depends

on external air flow, temperature, humidity and pressure.

Depending on the form of moisture being removed, one or other of the above
mentioned processes become the rate limiting process. In this study, the drying

model is divided into two cases as follows;

1. When x >Xrsp unbound moisture evaporation.

Y=\, aTa \ ( m 1 qa f Y[ \
2. k) pbauNd.-meistureeyaparation,

(346
Where x igsB8/0ry basis moisture content in tl od sa Xrsp 1S the dry

basis m

A separate value for mass transfer coefficient k,, is used in Equation 2 for each case

depending on prevailing process.

When X >Xgsp , Kn IS calculated using Equations 3.8 and 3.9 [31],

Sh = (0.35 + 0.34Re®> + 0.15Re®>8)5c%3 (3.8)
k,,L
Sh = % (3.9

Where L is the characteristic length and D is the diffusion coefficient of moisture in

air.

When X <xgsp , it is assumed in this study that, ky, can be written as a function of

temperature and wood type. Which is shown in Equation 3.10.

33



k,, = af(Ts) (3.10)

In the present work values for a for three different wood types are found and a

suitable approximation to function f is evaluated.
3.3.2 Assumptions used for calculating x~
When X >Xgsp

It is assumed that before fiber saturation point is reached the vapour pressure exerted
by moisture present in the wood is given by saturation vapour pressure of water at
the solid temperature. This assumption is applied in several works [18], [23], [30] .
Water saturation pressure with respect to the temperature is shown in Equation 3.11
[30],

5204.9
Py = exp (25.5058 — ) (3.11)
S
And x is calelated Lsirig
Xt = 0.6272=2 W W (3.12)

When X <Xgsp

After the fiber saturation point, the relative humidity is given by a sorption isotherm.

x*is evaluated using equations presented by [30].

PW ﬁx?’

= 0.622
* 760 — Py x3 + 0.01

(3.13)

The k., and x* values calculated as described in sections 3.1 and3.2 are used in

Equation 3.7 to calculate the moisture evaporation flux.
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3.4 Pyrolysis model

In the present work, a global reaction scheme for pyrolysis is assumed [8], [11]. This

is given in following equation.

Wood — aC + bCO + cCO,+ dHy + eCH, + fAsh (3.14)

It is assumed that the stoichiometric coefficients are dependent on the species of
wood. This gives the overall mathematical model the ability to analyze different

wood species.

The coefficients are determined using experimental data obtained by proximate
analysis and an assumed distribution of volatiles gases based on previous literature.

The coefficients for carbon and ash are directly determined by the fraction of free
carbon and ash content given by proximate analysis. For gas species, each coefficient

is determined by following equation.

a=a (3.15)
&
=)
Where, a; FepEgsentsayby Cl ete fiardifferer ature dependent
factor ¢ and VF is the

o

volatile fraction of wood species under interest. For present study values for a is

calculated using data given in [24].

3.5 Interphase heat transfer
Two main processes are responsible for interphase heat transfer. These are;

1. Convective transfer of heat between two phases as a result of temperature
difference between gas and solid phases.

2. During pyrolysis stage, hot volatile gases generated within the porous
structure of biomass release into gas phase. These hot volatile gases introduce

an energy flow to the gas phase.
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Convective heat transfer is modelled by using an overall heat transfer coefficient.

The heat transfer rate is evaluated by;
Qsg = hA(T; — T,). (3.16)

During the process of pyrolysis, the solid biomass decomposes into gas products,
which is released into the gas phase. It is assumed that these gas products are of the
temperature of the solid phase. The release of these higher temperature gases into the

gas phase results in an additional energy transfer term in gas phase energy equation

given by;
Ry pyro Cug(Ts = Ty) (3.17)
Where R, ., is the total gas generation rate due to biomass pyrolysis.
3.6 Mo !i_?g&\ ! c:!‘w:n!zf.aa:e@

=) : ] .
As heterofghgauls reactions of char progfesses, the volume of ¢ articles reduces.
As a result, t he | This motion is

important to keep the combustion zone stable. When fuel is consumed in combustion
zone, new char particles from pyrolysis zone enters to the combustion zone as a
result of this bed motion. If particle movement is not there, the combustion zone
tends to propagate along the height of the gasifier, reducing the quality of the
producer gas. So it is important that the model should be capable of predicting the

bed motion.

The effect of bed motion is included into solid species equations as a convective
flow term. It is assumed that the bed motion can be represented by a continuous
velocity field of the solid phase and this velocity, called shrinkage velocity is applied
to all solid species.
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Shrinkage velocity is calculated by equating the downward volumetric flow rate of
solid phase to total reduction rate of volume caused as a result of heterogeneous

reactions of char. The resulting expression is given in following equation.

R3,R4,R5

1
Us_pSA,f z r |av (3.18)

g i

Use of this velocity in the convective terms of solid species equations cause the solid
species fields of the gasifier to move downwards at the shrinking rate. This causes
the solid phase to move downwards and extend the free board region. But
mathematical equations used in free board region and solid phase region are
different. Therefore when shrinkage modelling is used there has to be a procedure to
track the interface and change the mathematical equations above and below the
interface to obtain an accurate solution. The changes of the equations are presented

in graphical form in Figure 3.4.

S 16, 1 h¥:e28Ug) o H(EX q
)
Packed Bed Solid Phase Packed Bed Gas Phase
a(esps(z)) dl(e
- PP
o+ V- (&ps0Us) = V.(TVB) + So + S0 % +V.(egpg0U,) = V.('V®) + Sp + S0

Figure 3.4: Changes of governing equations as a result of bed shrinkage

Gas phase equations differ in two regions with respect to the gas phase porosity,
which is defined as the volume fraction of gas phase in each computational cell. The
porosity field is initialized in the beginning of the simulation through initial
conditions. Gas phase porosity is equal to one in free board region and a variable

(<1) in packed bed. The source terms that arise as interactions with solid phase are
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not present in free board region. Solid phase equations are different entirely in two
regions. In free board, a solid phase does not exist and values of solid phase
quantities should be zero. The CFD solver should consider these changes as
shrinkage progresses.

This is achieved by multiplying certain terms of the general transport equation by a
new field variable,y , which is a unit step function moving along with shrinkage

velocity, as illustrated in Figure 3.5.

X

F|g '1[: 1o OF riitietan Y risd )ed Shrlnkage

The value of y is evaluated based on gas phase porosity; it is assumed that a certain
point (i.e a computational cell) in the solution domain belongs to free board when
gas phase porosity exceeds a certain cut off value. A similar classification of
computational cells based on porosity is discussed in [24]. Theoretically, the cut off
value should be equal to 1. However during numerical solution process, gas phase
porosity does not become exactly equal to one. Hence a value that is closer to one
and develops a sharp interface is used. In the present study, 0.95 is assumed as the
cut off. Hence y can be written as,

Lif e, <095
x= 1

0;if ¢, > 0.95 (319

This produces a moving y field along with the packed bed as expected.
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The transport equations for gas and solid phases indicated in Figure 3.4 can be then

generalized as,

9(€;ps9
% + xV. (e;ps0U) = xV.(TVD) + xSg + xSg0 (3.20)
d(e,p, 0
% +V.(€e;,p,0U,) = V.(TVB) + S + xSs 6 (3.21)

Depending on the value of y the solver will selectively apply equations in packed

bed and free board region as shrinkage progresses.
3.7 Turbulence modeling

Turbulence of the gas phase is modeled according to Reynolds Averaged Numerical
Simulation (RANS) with standard k — & model [35]. The main steps of this

approach are highlighted in present section.

The main step of the procedure is to express the fluid velocity as the sum of a mean

and a fl atil MPOoNENL 4 o0}
u=U+w-" (3.22)
Where U 10 Uuic iicaill VCIU\JILy aliu « 10 UliIc ||uuLuaL|||y \.;UIIIlJUIICIIl..

The mean velocity U is defined by,

At

1
U= — | ude 3.23
ac) (3.23)

0

The expression for velocity in equation 3.21 is substituted and simplified in ordinary
Navier — Stokes equation to give,

9]

apU + V.(pUQU) — uV.VU = —Vp + V.s;; (3.24)

s Is the Reynolds stress tensor given by [36],
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With,

s, = U 9 _ VU + (VU)T 3.26

k is the turbulent kinetic energy per unit mass defined by,
1 —T5 -7y —T5
k=§(u2+v2+wz) (3.27)

Where u’, v'and w' represent the x, y and z components of the fluctuating velocity.

The turbulent viscosity y; is calculated by,

k2

He= pC— (3.28)

Where ¢ is the dissipation rate of turbulent kinetic energy, k.

In order torﬁé’ke a mathematicallyclosed system ef.equatinns,two additional
equations t(‘jﬂé‘termine icvand o arermeededs In standard k — & model, following

transport equations are used to calculate k and ¢ [36].

d(pk
at O,
d(pe) u k e’
— V- (pel) = V. (0—: Ve) + Cie - 208y Sy = Cocp 7 (3.30)

The following values for constants are used in the standard k — & model.
C, = 0.09,0, = 1,0, = 1.3,C;, = 1.44,Cy, = 1.92

The above set of equations are solved to obtain the mean velocity field U and

pressure field p.
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Scalar fields are treated in a similar way. First, the field is separated into fluctuating

and a mean component.
p=0+¢ (3.31)

By substituting this expression and the expression for velocity into transport equation
for a scalar quantity results in the following transport equation for the scalar field.
d(p?)

I} is the turbulent or eddy diffusivity. It is calculated by using the turbulent Prandtl
number as follows,

=K

o =+ (3.33)
t

Experimental analysis of turbulent flows has shown that this ratio is constant. In
many CFD calculations the ratio is taken to be around unity [36].

7l
)

%

5
\ '

3.8 Radiaties fnode}

Radiation heat transfer plays a major role in transporting heat generated in
combustion zone from combustion reactions, to top wood layers of the packed bed.
This heat provides the energy for thermal cracking of biomass and other endothermic
solid phase reactions that take place in top layers. In the present work, P1 radiation
model is applied to model radiation in the packed bed with following

assumptions[7] [37].

e Biomass bed can be treated as an absorbing, emitting, scattering medium of
dispersed solid particles.

e Combustion zone can be approximated by a hot emissive plate located at the
bottom of the gasifier.

e The gas phase is optically thin and does not interact with radiation.
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A schematic diagram of the radiation model is shown in Figure 3.6.

<«—4— Optically thin gas free board: Does not
interact with radiation

Biomass packed bed as a dispersed set of
solid particles

Hot plate representing the combustion
zone

Figure 3.6: Schematic of Radiation model

The govern@_transport equation ofiPl.model for dncident itensity, G, with a

dispersed s@kg:phaseicanvbd Mrittent as37;
V.(IVG) + 4(an?eT,* + E,) — (a+a,)G =0 (3.34)

Where T is given by,

1
= 3.35
3(a+a, +o0,) (3.35)
The equivalent emission of particles, E,, is calculated by;
E, = €A, T,* (3.36)

With the simplifying assumptions of an optically thin gas phase (a, n = 0), equation
(3.33) can be reduced to,

V.(TVG) + 4E, — a,G = 0 (3.37)
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Where,

1

3.38
3(a + 0 ) ( )

The radiation heat flux in P1 model is given by [7]
q, = —TI'VG (3.39)

The radiation source term in energy equation is given by —Vq, , which is obtained
by applying gradient operator to equation (3.38) and simplifying with the use of
equation (3.36).

~Vq, = a,G — 4E, (3.40)

This te source term for
thermal Jlada(,

f ‘3’

3.9 Phy

The thermal conductivity of gas phase is calculated by [11]

k, = 4.8 x 1074T,°7" (3.41)

The thermal conductivity of biomass packed bed is evaluated using a correlation
developed for thermal conductivity of a quiescent bed corrected for the effect of gas

flow, as proposed in Jurena [21]. This correlation is presented in equation (3.41).

ky = 0.8k, + 0.5Re. Pr. k, (3.42)

Biomass particle diameter is used as the characteristic length in evaluating the

Reynolds number.
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Individual heat capacities of solid and gas species are not considered. An overall
temperature dependent heat capacity for each phase is assumed. Heat capacity of
solid and gas phases are assumed to vary according to the relations given in
equations (3.42) and (3.43). These correlations are taken from Jurena [21].

C, = 420 4 2.09T, + 6.85 x 10* T, > (3.43)
C, =990 + 0.122T, — 5680 x 103T,° (3.44)

The porosity of bed is considered to be varying as Pyrolysis progresses. Porosity is
expressed as a function of mass fractions of raw biomass, char and ash as indicated
in equations (3.44) and (3.45)

mWood wmChar mAsh

€ = + + (3.45)
Pwood Pchar Pash

€, =1—¢€ (3.46)

mWood m%kr@zf and mAsh represent the mass of Wo )d, char an d present in a unit

volume. -

Heat transfer coefficient h between solid and gas phase is evaluated using [31],

Nu = (0.35 + 0.34Re®> + 0.15Re®58) pr03 (3.47)

The specific surface area of a biomass particle is calculated by equation (3.47) taken

from Jurena [21],

A, = (3.48)

Where, d is the diameter of biomass particle.

Diffusion coefficients are evaluated using equation (3.48) [28]. These are calculated

as binary diffusion coefficients based on diffusion of a specific component in air.
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3( 1 1 1
Dy air = 0.0018583 |T, (ﬁ+M _ )
l air

(3.49
po—i,air Z'Qi,air )

Where, M-molar mass, p — pressure, ¢ — average collision diameter, Q - diffusion
collision integral.

Pyrolysis rate is evaluated using an Arrhenius reaction rate expression given by
equation (3.49) [10].

= psYyood-Aexp (;]Z)

(3.50)

«~

5 ATV
\ wm&#‘ J

45



Chapter 4
NUMERICAL SOLUTION FOR THE PACKED BED MODEL

4.1 Introduction to OpenFOAM

OpenFOAM is an open source Computational Fluid Dynamics package which can be
used to generate numerical solutions to mathematical models using finite volume
method. Two main steps are involved in generating a numerical solution in
OpenFOAM. These are: setting up the case and setting up the solver. Case set up is
the pre processing stage in an OpenFOAM calculation. An OpenFOAM case is a
collection of folders in which separate files are defined which contain the
information on initial stage of the system and instructions on solving fluid dynamics

equations. An example of a case file structure is illustrated in Figure 4.1.

Case

€3 |
constant
0 folder system

e ControlDict

e Pressure | . ‘
e transportProperties
physicalProperties Polymesh

Velocity ) e fvSolution
turbulaneProperties

e blockMeshDict

e Resultant e fvSchemes

Figure 4.1: Structure of an OpenFOAM case
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The 0 folder consists of a set of files for each field for which solution is obtained (eg
pressure and velocity). These files contain information on initial and boundary fields
of these variables. Constant folder consists of a sub directory called polymesh where
a blockMeshDict file is located. This file consists of information for mesh
generation. Other files that are located in constant directory include
transportProperties, physicalProperties and turbulanceProperties, which include
information on values of physical constants (viscosity, thermal conductivity etc) and
information on turbulence. Systems directory consist of files: ControlDict,
fvSchemes and fvSolution. ControlDict file contains information on time control of
the case, such as start time, end time, time step for numerical calculations and other
information. fvSchemes consists of a list of discretization schemes for each variable.
User can change discretization settings for the case by changing entries of this file.
The fvSolution contains information about linear solvers that are used to solve

discretized equations and tolerances for solved variables.

4.2 OpenFOAM solver

In Opel Jéwu olver 15 a C++ library, which’contains the ' to numerically
solve the relevan ‘ ial equations gf tl ' . Solvers can be
classifi lvers come with

the original installation of OpenFOAM and can be used for solution of wide range of
standard problems such as incompressible flow calculations, multiphase flows etc.
When a built in solver cannot be applied to develop a solution to a particular
problem, the user has the freedom to compile a new solver for the application. The
OpenFOAM programming style allows user to declare and use mathematical
quantites such as, scalars, vectors, tensors, their fields and differential equations. The
differential equations are discretized using finite volume method. A brief

introduction to finite volume discretization is presented in the following section.
4.3 Introduction to finite volume method

In numerical mathematics, partial differential equations are solved by first converting
them to a corresponding set of algebraic equations. This is done by a method called
discretization. There are a number of discretization techniques available, which
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include, finite volume method, finite element method, finite difference method,
Spectral element method, Boundary element method and High-resolution

discretization schemes.

In the present study, the equations are discretized using finite volume method, using
the built in libraries of the CFD tool OpenFOAM. Finite volume discretization

process can be divided into three main steps [38],

e Discretization of time
e Discretization of space

e Discretization of Equations
4.3.1 Discretization of time

Time is discretized by separating the time domain over which the solution is required
in to a set of time steps At , which may change during the simulation. During the

solution procedure, time is marched from a prescribed initial condition.

4.3.2 Discrétizationofispage
€3

Discretizati_cf)E?'of space .is. achieved by sub dividing the solution geometry in to a
number of ric?elxls called control volumes. These cells should not overlap with one
another and should fill the computational domain. The centroids of these cells
determine the points of space at which the solution is required. A typical control

volume and its associated properties are presented in Figure 4.2.

S¢

Figure 4.2: A typical control volume in finite volume method
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The control volume is bounded by flat faces, represented by letter f. Cell faces
belong to two main categories, internal faces and boundary faces. Internal faces are
the faces between two control volumes and boundary faces coincide with boundaries
of the solution domain. Each face of internal cells is shared with only one neighbor
cell. Properties are usually defined at cell centroids, P. The face area vector, Sf is of
magnitude equal to the area of the face and points outwards from the control volume

perpendicular to the face [38].
4.3.3 Discretization of equations

The general form of the conservation equation for a scalar property @ can be written
as,
d(p®)

NETE + V. (pU®) — V. (pI'VD) = S, (4.1)

The finite volume method requires that this equation should be satisfied in integral
form O\lnv tho ~rAntral vinliimae arniinAd tha naint at whirh tha r\nlll'l-inv] iS Sought [38].
This requires:

ft+At
t

£ v Wiy Jib gt ac fllc SQdV> dt (4.2)

4.3.4 Spatial discretization

The first spatial term of Equation 4.2 is discretized as,

f p@dV = p®pVp (4.3)
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The volume integrals of the above equation are converted into surface integrals over

control volume surface using the following identities of vector calculus [39];

f V.AdV = f A.dS (4.4)

Voav = | ¢ds (4.5)
Jvoar=]

This results in following relationships for convective and diffusive terms of the

general conservation equation,

j V. (pU@)dV = f (pU®).dS (4.6)

Because the control volume is bounded by a series of flat faces, the surface integral
on the right hand side can be written as a sum of integrals over separate faces, this

results in,

f (pU®). 05 ~ Z j (pUD).dS (4.7
2

The face iriié@ral is ealbatetPusing facelvalue of @ and pU

J(pU(Z))dS = (,DU)f.Sf(Z)f (48)

This provides the discretized form of the convective term as,

J V. (pU@)dV = Z(pU)f.squf (4.9)
f
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Using the above procedure, the laplacian term is discretized as,

f V. (pI'VO) = f (pT'VD).dS

- Z f (pT'VD). dS

= ) or(e),. S
f

Therefore,
j V. (pI'VQ) = z oT(VO); .S (4.10)
7

The discretized form of integral terms can be evaluated using face values and face
center values of neighbor cells. The entire set of discretized equations written over
the solution domain represents a system of simultaneous linear equations. This linear
set of equatigns is sdlved during eadhiteration af sofution algerithm using numerical

@ 2
procedures faplineaf syt
4.4 Developed CFD solver using OpenFOAM

A new solver, movingbedGasificationFoam, was developed based on the equations
presented in chapter 3. The structure of the solver is illustrated in Figure 17. The
equations are numerically solved using finite volume method. Required code was
developed by using C++ language in OpenFOAM package, including all the relevant
differential equations and procedures in the CFD model using built in tools of
OpenFOAM [40], [41]. The solution domain is assumed to be two dimensional and
consists of radial and axial dimensions only. This is because the reactor is
axisymmetric in geometry, initial and boundary fields and as a result the solution is
effectively two dimensional. The computational domain of CFD model is presented in
Figure 4.3. Discretization schemes used to discretize convective and divergence terms

are listed in Table 4.1. A schematic of solution algorithm is presented in Figure 4.4.
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Producer gas outlet

Free board

Insulated Wall |: Insulated Wall

— Porous biomass
packed bed

Air inlet

Figure 4.3: Computational domain of the CFD solution

movingbedGasificationFoam

pr—

—

)

Temperaturedependentproperties.H
Calculatedfields.H

dimensionlessnumbers.H

krhosolid.H )
Thermal radiation =% | RadiationModel.H
Turbulence & Flow - ' movingbedGasificationFoam.C‘
Chemistry solver nd movingbedGasificationFoam.C
Main Code g movingbedGasificationFoam.C

Figure 4.4: File structure of developed OpenFOAM solver
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4.4.1 Initial and Boundary conditions

It is assumed that the gasification process is carried out in a cylindrical reactor using
air at room temperature as the gasifying medium. This air stream is supplied at
constant flow rate from bottom of the reactor. To model the initial ignition process, a
distributed heat source similar to magnitude of heat generated by a combustion
reaction is applied over a bed region of 0.2 m above the grate and removed after
model is capable of continuing operation by own heat emitted by its combustion
reactions. The initial heat source is responsible for pyrolysing a small region of
packed to generate char necessary to initiate combustion reactions. This start up
method was chosen as it closely resembles the real world operation of a gasifier. The
required time for initial ignition was found by trial and error by simulating the
system. Then initially five minutes time was applied and increasing it gradually until

simulation is successfully progressed.

The initial velocity field within the reactor is taken as zero. Pressure is set to
atmospheric pressure. The initial temperatures of gas and solid phases are taken as
300 K. Initigl compdsitions<ofyprddidiogasesvare faken aslzero and the inlet gas
compositiorfi% faken toberequal to'thaiCof @iratl yoem dempeérature and atmospheric
pressure. Botntlary conditiots- foY Velocity, pressure, temperature and species mole

fractions are indicated in following equations.

Inlet boundary conditions

U=U,, (4.11)

P=r, (4.12)

T, = Tyin (4.13)
T,

=0 4.14

e (4.14)

Yi = Yi,air (415)

53



Wall boundary conditions

op dT, 0JT, 0Y;
U = — = — = = — =
or or or or

Outlet boundary conditions

aU_aP_aTg_aTs_aYi_
dz 9z 9z 0z 90z

(4.16)

(4.17)

Table 4.1: Discretization Schemes

Term Discretization scheme
V.(pye,U,QU,) Upwind
V.pyesCygT,Ug Upwind
V.pse,C;T U Upwind
V.(pye,YiU,) Upwind
V. (psesYiUs) MUSCL

ﬁ ,

Dagkrelthinial fields |

|
Proceed to next time step |

Calculate physical

properties

Caleulate reaction ratez

Solve discretized transport
equations

Figure

| Print Results |

4.5: Solution Algorithm
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4.4.2 Computational mesh

The dimensions of computational domain were 1.2 m in axial (y) direction and 0.3 m
in radial (x) direction. Computational mesh consisted of cells with Ax = 0.012 m and
Ay = 0.024 m. The time step used for calculations was 0.05 seconds. The

computational mesh used for simulations are shown in Figure 4.6.

Figure 4.6: Computational mesh
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Chapter 5

EXPERIMENTAL SET UP AND MODEL VALIDATION

5.1 Model validation

The CFD model presented in previous chapter is validated by comparing the
simulation results with data obtained from a laboratory scale updraft gasifier. The
gasifier consists of a vertical cylinder with a grate at the bottom. Biomass is fed from
the top of the gasifier through a lid, which is closed after loading one batch of
biomass. The loaded batch is ignited at the bottom of the gasifier. Air at room
temperature is supplied through the grate by using an air blower. In this
experimental facility, four thermocouples, which are recorded the temperature along
the centre line, were installed along the height of the gasifier. A schematic diagram
of the experimental facility is shown in Figure 5.1. Simulation results were compared
against experimental data for gasification of Gliricidia under an airflow rate of 6

m3/hr. The physical and chemical ties of fuel listed in Table 5.1. The
compar Qj yeratore \profiles! obtainedUfYom simulatiohs!y experimentally
measured fémpe Ire -values are presentéd in Frguré 5.3."E as temperatures
predicted by ¢ ! i | re displayed in

Figure 5.4. Theoretical and experimental outlet gas compositions are presented in

Figure 5.5. Data analysis is performed using post processing tool Paraview.

Top lid

Gas outlet

Outlet pipe

Thermocouples \/

1 Cyclone separator

Air blower Grate

< ! |Ash collecting chamber

Figure 5.1: Schematic diagram of experimental gasification system

56



«

of Mo 1+ S/ Lafika

] SSG

wed ( e |

Figure 5.2: Experimental laboratory scale gasification system

Table 5.1: Physical and chemical properties of fuel

Species Gliricidia
Particle size 20 mm
Particle shape Cubic
Batch weight 28 kg
Free carbon (dry basis) 17.8 %
Volatiles (dry basis) 82.16 %
Ash (dry basis) 0.04 %
Initial moisture content (dry basis) 0.18
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Figure 5.3: Theoretical and experimental temperature profiles; (a) 45 minutes after
ignition (b) 75 minutes after ignition (c) 150 minutes after ignition
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In Figure 5.3 (c), which presents the temperature profiles after 2.5 hours of initial
ignition, the biomass bed has reduced as a result of fuel consumption due to
heterogeneous reactions. The thermocouples located at 60 cm and 90 cm positions
do not encounter any solid phase. There readings comply with gas phase
temperatures at the points, as evident from the figure. The results indicate that
temperature in the combustion zone rises to a value about 1300 K, with a peak value
resulting in few centimetres above the grate. A similar behaviour of temperature
variation can be observed in experimental work of Wei Chen at el [12] for updraft
gasification of mesquite and juniper wood. Their results indicate a combustion zone
temperature of nearly 1300 K. The following figure compares the experimental and

theoretical exit gas temperatures of the gasifier.

900
800 l
700 | —
4
o 600
- o s
. /O orateva. Sk
© ;3 oy y
g 4%-1 Electronic TiSSes BEE)1SSERE 1 0118 simulation
v b - - -
QE, 3007, RRETV IR TTTRR Experimental data
F 200
100 o "ﬁ‘.:-.: o o "-.,"S—
0
45 75 120 150 180
minutes minutes minutes minutes minutes

Figure 5.4: Theoretical and Experimental exit gas temperatures

It can be observed that at higher temperatures, the difference between experimental
value and theoretical prediction is higher. The CFD model predicts a higher outlet
gas temperature than the observed value. This is because the radiation losses from
the gas phase through walls and the top lid of the gasifier are not accounted in the

model. And the radiation losses become higher at higher temperatures.

During the simulations, it is found that composition of produced gas varies with

time, during initial period, raw biomass is present in the bed and moisture levels are
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higher. This introduces moisture into gas phase. Pyrolysis in top layers is not
complete and as a result low amount of char is available on the top layers to react
with carbon dioxide produced in the combustion zone. The initial gas is therefore
higher in carbon dioxide and moisture levels. Experimental and simulation results for

gas composition after one hour of initial ignition are presented in Figure 5.5.
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20

15

B Simulation
10

% Experimental data

Volume percentage

Figure 5.5: Theoretical and Experimental gas compositions after 60 minutes
of |gn|tflﬂa? |
The valuegfif%éas compositions are also,comparable with experimental observations
of C.Mandl _et al [8]. Their experimental data for a fixed bed updraft gasifier
operated with softwood pellets indicate a final CO volume percentage of 22.6%, a

CO; percentage of 4.8%, H, percentage of 4.3 % and a CH, percentage of 2.7 %.

Experimentally it is found that during the process of gasification, packed bed can be
separated into four zones; drying, pyrolysis, reduction and combustion, depending on
the main processes taking place in these zones. It is possible to identify the
development of these zones in the present CFD model by observing the carbon

dioxide mass fraction along the height of the gasifier. This is presented in Figure 5.6.
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CO, mass fraction
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Combustion zone. CO2 levels are high
due to combustion reaction.

Figure 5.6: Development of reaction zones in the solution domain

During a batch process the quality of the produced gas varies with the time, mainly

sl ownwdrd RbEGN 6fithe! fUel lbed IDuring-eXperiments it is observed

\

de carmot'be Higintaitted approximate"ly after four hours of operation.

The following figures present the variation of outlet gas volume fractions and packed
bed locations. The packed bed location is identified by viewing the solid phase

temperature profiles.
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Figure 5.7: Variation of gas phase component volume fractions with time
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Figure 5.8: Bed reduction with time; (a) 1 hour after ignition (b) 2 hours
after ignition (c) 3 hours after ignition (d) 4 hours after ignition. Location
of mterface betwgen packed.bedand free board is.marked with the black

A contour f)f@i- of temperature’ of Biomass after two hours from ignition is presented

in Figure 5.9
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Figure 5.9: Temperature contours with in biomass bed after two hours
from ignition.
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The velocity distribution of gas phase is presented in Figure 5.10. It can be noted that
due to release of pyrolysis gases, velocity in pyrolysis zone is higher compared to

other areas of the bed.

U Magnitude (m s™)
00774 ¢

5.2 Optimization of air flow rate to the Gasifer based on CFD model

The external air flow to the gasifier supply fuel needed to maintain combustion
process. When air flow rate is higher, the extent of the combustion zone increases,
causing the produced fuel gases to burn inside the reactor. This reduces the quality of
the outlet gas. When flow rates are too small, combustion rates reduce and sufficient
heat is not produced for complete cracking of biomass in top layers of the bed. The
developed CFD model is used to evaluate optimal air flow rate for maximum

cumulative carbon monoxide production.

A series of simulations were performed for air flow rates ranging from 4 m*hr to 10
m?>/hr. The results are summarized in Table 5.2.
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Table 5.2: Simulation Results for different air flow rates

Based on the cumulative CO production, it can be stated that, for the particular

experimental gasifier, a flow rate of 7 m3hr maximizes the CO vyield from biomass

batch.

Flow rate Batch time (s) Peak CO Cumulative CO
(m*/hr) composition (m?)

4 21600 0.39 53

5 15800 0.4 5.52

6 14400 0.406 6.13

7 12800 0.415 6.4

8 11300 0.405 5.7

9 10800 0.405 5.58

10 9200 0.4 5.375

,.
UNITU/

64



5.3. Conclusion and future work

A mathematical model for gasification of biomass in a batch wise updraft packed bed
reactor was developed and simulated using open source CFD software OpenFOAM.
The developed model in this study accounts for drying, pyrolysis, reduction, and
combustion reactions. All three modes of heat transfer; conduction, convection and
radiation, was included in the packed bed model. It is found by the simulation study;
radiation is the main mode of heat transfer through the biomass packed bed and
critically important. Reduction of bed volume due to heterogeneous reactions are
also considered and modelled in the simulations. The simulation results are in good
agreement with experimental data and also with general experimental observations
on packed bed gasification processes. The developed model evaluates optimal air
flow rate to be 7mhr for maximum cumulative CO production. In future, the
presented mathematical model can be used as a numerical tool to optimize batch
wise moving bed gasification processes. The model consists of many runtime
variable input parameters such as particle size, inlet air flow rate, inlet-gas
compositions=and physicak & ehemical properties of feed-stock. The model can be
used to perfgfﬁi parameteristudies tortindthe optimem ivdlues of these parameters for
a similar g&é’iﬁer. Among limitations the“model does not take into consideration tar
forming reactions in pyroiysis siage, and only abie 0 predict gasification
characteristics of fuels whose shape is of simple geometry. It cannot be applied to
cases where biomass fuel has complex geometries, such as hay. The model cannot be
used to analyse channelling phenomena, hence it cannot be used to evaluate
performance for fuels that have tendency to form channelling effects, such as rice
husk gasification. In future, the presented model can be improved by implementing
an advanced pyrolysis scheme which contains both primary and secondary pyrolysis

reactions separately.
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APPENDIX
OpenFOAM CASE SETTINGS

Intial and boundary condition files for solved variables

CH,
/* ________________________________ * — C++ e K
_______________ *\
| ========= |
|
| \\ / F ield | OpenFOAM: The Open Source CFD
Toolbox |
I \\ / O peration | Version: 2.3.0
|
| \\/ A nd | Web: www . OpenFOAM. org
|
| \\/ M anipulation |
|
N K
_______________ */
FoamFile
{
version 2.0;
forma BV
clas§w§' voliSeakarFlhaeld;
ob ] g CHZ;

} S

// *x kX kK kK kK kK kK kK kK Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk Kk *x * %

*x X X X X X % //

dimensions [OO O O0OO0OO0O0];
internalField uniform 0;
boundaryField
{
wall
{
type zeroGradient;
}
Outlet
{
type zeroGradient;
}
Inlet
{
type fixedvValue;
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value 0;

}

"front.*"
{
type empty;
}
"back.*"
{
type empty;

}
}
//

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 AR AR AR A A AR A AKX KK

KAk KkAkKkkhkk kKK //

ield Iy OpenFOAM ¢ The Open Source CFD
I
peialt Do hCBas 1 s SCTEABOD

nd | Web: www . OpenFOAM. org

anipulation |

*/
FoamFile
{
version 2.0;
format asciiy;
class volScalarField;
object CO;

}

// *x X X x K*x X*x X*x X*x X*x *x X*x X*x X*x X*x *x *x *x *x *x *x *x *x *x *x *x *x *x *x * %

*x X X X X X % //

dimensions [0OO OO0 OO0 0]
internalField uniform O;
boundaryField

{
wall
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{
type
}

Outlet
{

type

}

Inlet

type
value

}

"front.*"

{

type

}

"back.*"

{

type

}
}
//

zeroGradient;

zeroGradient;

fixedValue;

0;

empty;

empty;

* ok kkok ok ok ok MR Kk ok A Ak drmded ok ok kR AW PrRoR kxR ok Ak ek A A Ak kkk ok ok Kk k ok Kk ok

Kk %k ok Kk ok K AR

H,
R ko Ot — R
______________ *\
| =========
|
I AN\ / ield OpenFOAM: The Open Source CFD
Toolbox |
I \\ / peration Version: 2.3.0
|
| \\/ nd Web: www . OpenFOAM. org
|
| \\/ anipulation
|
K o
______________ */
FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object H2;
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}

// *x X X Kk K*x *x X*x X*x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x * %

*x X X X X X % //

dimensions [0OOOO0OO0O0O07;

internalField uniform 0;

boundaryField
{
wall
{
type zeroGradient;
}
Outlet
{
type zeroGradient;
}
Inlet
{
type fixedValue;
value 0;
}

empty;

"back.*"

{

type empty;
}
}
//

KA AR AR A AR A A A A AR A AR A A A A A A A AR AR A AR A A A AR AR A AR A A A AR A A A A A A A kK

kAhkkkkAkKkkhkkKk kK //
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\\ /
A\ /

FoamFile

{
version
format
class
object

}

ield
|

peration

nd

| OpenFOAM: The Open Source CFD

| Version:

| Web:

anipulation |

2.0;
ascii;

volScalarField;

C02;

2.3.0

www.OpenFOAM. org

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

*******//

dimensiopst,

interna Mie

boundarytield

{
wall

{

type

}

Outlet
{

type

}

Inlet

type
value

}

"front.*"
{

type
}

NVET§ity Q1 aVig;

unifoxrm 0.1;

zeroGradient;

zeroGradient;

fixedValue;
0.1;

empty;
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"back.*"
{
type empty;
}
}
//

R R I S b e A b S b b Sh b S b Sh b b A b e dh b db b SR S b dh b b 2h b dh b b dh b 2 Sh b b Sb b dh b 2b b dh b b Sh i g4

kAhkkkkhkkkhkkKkk*k //

H,O
/* ________________________________ * — C++ e K
_______________ *\
| ========= |
|
[ \\ / F ield | OpenFOAM: The Open Source CFD
Toolbox |
I \\ / O peration | Version: 2.3.0
|
| \\/ A nd | Web: www .OpenFOAM. org
|
| \\/ M anipulation |
|
N2
1374
2.0;
4581y
class volScalarField;
object H20;

}

// *x X X K*x K*x X*x X*x X*x X*x X*x X*x X*x X*x X*x *x *x *x *x *x *x *x *x *x *x *x *x *x *x * %

*x X X X X X % //

dimensions [0OO O O0OO0OO0 0],
internalField uniform 0;
boundaryField
{
wall
{
type zeroGradient;
}
Outlet
{
type zeroGradient;

}
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Inlet

type fixedValue;
value 0;
}
"front.*"
{
type empty;
}
"back.*"
{
type empty;

}
}
//

R R S i b b dh b S S b b S b db b b Sh b S S b e dh b R Sb b S S b dh b b 2h b dh b b dh b 2 Sh b 2h Sb b 4h Sb I 2b b S dh b b Sh b 24

ki kkhkkkhkkk k% //

O,
/8y K Ot — Ko
_______________ *\
| ========= l
|
| \\ : F Yelld LOpenPOAM 2 Thed Open Source CFD
Toolbox |
I \\ O peration | Yersion: 2.3.0
|
| \\ A nd | Web: www . OpenFOAM. org
|
| \\/ M anipulation |
|
N2
_______________ */
FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object 02;

}

// x X X *x X*x X*x X*x X*x X*x *x X*x X*x X*x *x X*x *x X*x *x X*x *x *x *x *x *x *x *x *x *x *x %

* * * * * * * //
dimensions [OO OO0 OO0 O0];
internalField uniform 0.232;

boundaryField
{
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wall
{

type zeroGradient;
}
Outlet
{
type zeroGradient;
}
Inlet
{
type fixedValue;
value 0.232;
}
"front.*"
{
type empty;
}
"back.*"
{
type empty;

}
}
//

Kk kK K K A

: :"***************************************************

*******%; ;j//
N,
/* ________________________________ * — c_|_+ e K
_______________ *\
| === |
|
| \\ / F ield | OpenFOAM: The Open Source CFD
Toolbox |
| \\ / O peration | Version: 2.3.0
|
| \\ A nd | Web: www.OpenFOAM. org
|
| \\/ M anipulation |
|
\* ____________________________________________________________
_______________ */
FoamFile
{
version 2.0;
format ascii;
class volScalarField;
object N2;
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}

// *x X *x Kk *x K*x X*x X*x X*x X*x X*x X*x X*x X*x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x %

*x X X X X X % //

dimensions [0OOOO0OO0O0O07;

internalField uniform 0.7547;

boundaryField
{
wall
{
type zeroGradient;
}
Outlet
{
type zeroGradient;
}
Inlet
{
type fixedValue;
value 0.7547;
}
"frorg *"
{ J &,
empty;
} +
"back.*"
{
type empty;
}

}
//

KA AR AR A AR A A A A AR A AR A A A A A A A AR AR A AR A A A AR AR A AR A A A AR A A A A A A A kK

kAhkkkkAkKkkhkkKk kK //
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Velocity

/* ________________________________ * — C++ e K o
_______________ *\
| ========= |
|
I \\ / F ield | OpenFOAM: The Open Source CFD
Toolbox |
I\ / O peration | Version: 2.3.0
|
| \\ A nd | Web: www .OpenFOAM. org
|
| \\/ M anipulation |
|
\* ____________________________________________________________
_______________ */
FoamFile
{
version 2.0;
format asciiy;
class volVectorField;
object U;

}

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

* *x X% *x k% *x % //
dimensiopsh, naversityoob Mlarad

internalﬁiéid uniform (0, 0 0);

boundaryField
{
wall
{
type fixedvalue;
value (0 0 0);
}
Outlet
{
type inletOutlet;
inletValue (0 0 0);
}
Inlet
{
type fixedvValue;
value (0 0.028 0);
}
"front.*"

{
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type empty;
}

"back.*"

{
type empty;

}
}

//

KA AR AR A AR A AR A AR A AR A AR A AR A AR A AR A AR A AR A AR AR A AR A A AR A AR A A A A A A kK

kA ARk KAk KXk Kk %k //

University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk
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Solution control file: Control Dict dictionary

3.

OpenFOAM: The Open Source CFD

0

www.OpenFOAM. org

R *— CH++ -
_______________ *\
| ========= |
|
I AN\ / F ield |
Toolbox |
I \\ / O peration | Version: 2.
|
| \\ / A nd | Web:
|
| \\/ M anipulation |
|
\* ____________________________________________________________
_______________ */
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location "system";
object controlDict;

}

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

*****_**//
applicath}‘ heovirnghedGCastbLcat Tonkkeoamy
startFro%fl TatestTimey
//startTime 0;

StopAt endTime;
endTime 14400;
deltaT 0.05;
writeControl timeStep;
writeInterval 2000;
purgeWrite 0;
writeFormat ascii;
writePrecision 6;

writeCompression off;

timeFormat general;

*x X kX kX X*x *x k% K* *x *

82



timePrecision 6;

runTimeModifiable false;

//

R R I e g I dh b b dh b b S b S b b b b db b e dh b R db b S S b dh b b 2h b dh b dh b 2 Sh b db Sb b 4h b db b dh b b Sb b g4
kAhkkKk kK Kk kK Kh*k //

University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk
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Physical properties used for numerical solution: Physical properties

www.OpenFOAM. org

dictionary
/* ________________________________ * — C++ e K o
_______________ *\
| ========= |
|
| \\ / F ield | OpenFOAM: The Open Source CFD
Toolbox |
[ \\ / O peration | Version: 2.3.0
|
| \\/ A nd | Web:
|
| \\/ M anipulation |
|
K
_______________ */
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location "constant";
object physicalProperties;

}

//***‘j«'r**

****?‘fg.*//

R T T R I

// Solidréﬁoperties

Solid density

Wood density

Char density

Ash density

Pyrolysis temperature
Activation energy
Frequency

Fiber Saturation Point
Char Fraction

Volatile Fraction

Ash Fraction

Initial flame time
Specific radiation area
CO2fraction

COfraction

CH4fraction

H2fraction

radiation absorption coefficient

P1 model Gamma
steffans constant

A v tiasesa X kg A A&n b

rhosolid [ 1 -3 0
Wooddensity [ 1 -3 O
Chardensity [ 1 -3 0

Ashdensity [ 1 -3 0
Tpo [ 0 0 O
E[12-20-1
£f [ 00 -10
Mfsp [ O 0 O
CF [
VE [ 00 0O
AF [ 00 0O
Tflame [ O 0O O
Ar [ 0 -1
Co2f [0 O
COf
CH4f
H2f [0 0 0 O
abs [0 -1 O
Gammar [0 1
steffb [1 0 -3 -4

00O
000
000
000

— O O O O O

000O0O0O0O

[000O0O0O0O
[00 0000 0]

]

]

R O OO oo

1 0.

0
0]
]
0.
0.0

10
0]

0.

*x X *x Kx K* %

0.54;
4;
0525;
075;
.375;
1/3;

5.67e-8;
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// Gas properties

Initial Gas density
Universal gas constant
kH20

kH2

kCH4

kCO2

kCO

k02

kN2

MH20

MH2

MCH4

MCO

MCO2

MO2

MN2
sigmaH20
sigmaH2
sigmaCH4
sigmaCoO
sigmaCO2
sigmaO?2
sigmaN2 o

Evapouration Coefficient
Evaporation Activation energy
Ambient Temperature

Relative Humidity

delta

Aco?2

Ao2

Hs

//

KA KA KK A A A A A A AR KA A AA AN XA AN AKX KKK

RAIR I IR b Ib Ib Ib b b b 4 //

rhogas [ 1 -3 00000 1] 1.2;
R[12-2-1-1001] 8.314;
kH20 [ 0 0 0 -1 0 O 0 ] 0.003965;
kH2 [ 0 0 0 -1 0 0 0 ] 0.014e6;
kCH4 [ 0 0 0 -1 0 0 0 ] 0.009253;
kCO2 [ 00O O -1 00O ] 0.008;
kCO [ 000 -100017] 0.012;
ko2 [ 000 -1 00071 0.011;
kN2 [ 00 0 -1 0007 0.0133;
MH20 [1 0 0 O -1 0 0 ] 22.213;
MH2 [1 0 0 0 -1 0071 3.74
MCH4 [1 0 0 0 -1 0 0 1 20.622;
MCO [1 00 0 -1 00 ] 28.5;
MCO2 [1 0 0 0 -1 0 0 1 35;
MO2 [1 0 0 0 -1 0 0 ] 30.43;
MN2 [1 00 0 -1 0 0 1 28.5;
sigmaH20 [0 1 0 0 O O O ] 3.176;
sigmaH2 [0 1 0 0 O O O ] 3.269;
sigmaCH4 [0 1 0 O O O O ] 3.7345;
sigmaCO [0 1 0 O O O O 1 3.7;
sigmaCO2 [0 1 0 0 0 0 0 ] 3.826;
sigma02 [0 1 0 0O 0 O O ] 3.589;
siomeN2 S5E0 11aQke. 0 0 0 1 3.755;
a.l..0:0.0 000071 1760;
"T"0"0 0 0 0001 0;
c [ 0O0O0OO0O0OO0O0OT7] 0;
D[ O 1 0O00O0O07] 0.02;
Aw [ 00 -1 0 0 0 O] 5.56e+06;
Ew [ 1 2 =2 0 -1 0 0 ] 8.7%e+4;
Ta [ 0001 000 ] 300;
RH [ 0O00O0OO0OOT7] O0.7;
delta [ 000 0 0 0 0] le-25;
Aco2 [ 01 -1 -1 0 0 0 ] 3.42;
Ao2 [ 01 -1 -1 0 0 0 ] 0.652;
Hs [1 -3 -1 1 0 0 0] 1;

Rk a b b b b b b b b b b b I I IR IR I b b b b b b b b b b b b b b
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