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Abstract

This work presents the numerical study of chemically reacting char particles in

dense particulate media applied to fixed and fluidized beds. Our main goal was to

approximate 3D fixed bed particles into 2D axisymmetric geometry using a repre-

sentative element, which is found in Chapter 1. Dry air was made to pass at different

Reynolds number of 10, 50 and 100 into a row of 10 spherical char particles(dp =

0.02 m). The inflow temperature was kept at 1000K. We incorporated six gaseous

chemical species, O2, CO,CO2, H2, H2O and N2 in addition to solid carbon, tak-

ing into account 3 heterogeneous and 4 homogeneous semi-global reactions. The

particles were assumed to be non-porous. A Pseudo Steady State approach using

commercial CFD solver, ANSYSr Fluent™14.0[1] was applied to solve the Navier

Stokes equation for the flow field, coupled with energy and species conservation

equations. Combustion and gasification were represented by varying composition of

the inlet gas as, i) YO2=0.233 and YH2O=0.001 and ii) YO2=0.11 and YH2O=0.074,

respectively. Comparisons of the temperature and mass fraction of CO2 on the par-

ticle surface as well as along the axis were made. The maximum difference in axial

temperatures between the two cases was observed to be ∼8% for Re = 10. A 2.8%

maximum difference in surface averaged temperature was observed for Re = 50.

Effect of the P-1 radiation model has also been investigated. The 2D and 3D simu-

lations are illustrated and analyzed to emphasize the validity of the 2D model.

Chapter 2 provides the study of influence of heat transfer in solids, as well

as combustion and gasification in 2D-channel bed. Investigations were made at

different Reynolds number to analyze the temperature and mass fraction of CO2

along the axis. A maximum temperature difference of 3.6% was observed along the

axis for Re = 100. Study was also performed to evaluate the carbon consumption

rates, temperature and mass fraction of CO2 on the particle surface. The peak axial

temperature of 2750 K was seen at Re = 100 during combustion, while gasification

managed to increase the peak temperature to ∼1900 K. Additional parameters such

as the DamkohlerII number and Lewis number were also investigated.

Chapter 3 includes comparisons between fixed bed and fluidized bed conditions

using new 2D approximation. Fluidized beds-like geometry have been depicted by

introducing spacing between the particles. Two different arrangements were tried,

with spacing:-dp and 0.5dp. This model was compared to the previous chapter and

it was found that the temperature in fluidized beds tends to be higher by ∼15%

compared to fixed beds.
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Chapter 1

Introduction

Fixed bed reactors have been used extensively in the chemical industry for a num-

ber of applications ranging from distillation, filtration, catalytic chemical reaction,

gasification and heat storage. The primary reason for this versatile usage is due to

the fact that they enhance the contact between two different phases in a chemical

process. Some[4] refer to fixed beds as the workhorses of the process industries.

Reliability, conversion, capital and energy consumption are some of the limiting

factors associated with the design of modern-day reactors. Testing a pilot scale re-

actor by designing, setting-up and testing is both expensive in terms of time, capital

and manual labor. Hence, CFD based computational methods have been adopted

to design, scale up and troubleshoot gas-solid reactors. Before the advancement

of modern computers, scientists relied upon laboratory experiments and set-up to

perform their desired study of fixed bed reactors. We present a short literature

review describing the study performed beforehand regarding bed reactors and our

motivations to carry out the work mentioned in this report.

1.1 Literature Review

Study of porous media: We start by sheding some light on the study of porous

media with focus upon flow dynamics. Ergun [5] derived an equation for the

pressure drop required for a fluid to flow through a column is given in terms of

the friction factor, fp and Reynolds number, Re. Many experimental [6, 7] studies

were performed to prove the validity of the Ergun equation. These studies tried to

incorporate different materials, flow rates and diameter in the fixed bed to validate

a large range of Reynolds number. Furthermore, Chhabra et al. [8] performed a

comprehensive literature review for the flow of non-Newtonian fluids in fixed and
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fluidized beds.

Darcy [9] gave a constitutive equation based on experiments to desribe the flow

through a porous medium, which was derived theoretically by Whitaker [10]. Liu

et al. [11] modified the Kozeny-Carman theory by combining the one-dimensional

flow model with a two-dimensional tortuosity model, curvature ratio and a pore

cross-sectional area variation. Thus, a modified equation for the pressure drop

through the porous media was obtained where the dependence of porosity was de-

scribed as ε−11/3(1 − ε)2 for the Darcy’s flow region different from the Kozeny -

Carman’s theory (ε−3(1 − ε)2). Barak and Bear [12] studied the parameters af-

fecting flow through a porous medium at high Reynolds number. The flow was

assumed to be homogeneous and Newtonian whilst the porous medium was ho-

mogeneous and anisotropic in nature. They compared the phenomenon through

different porous medium and observed that there is no particular equation to define

thie flow behaviour.

Packed beds: To better understand the void fraction distribution, Benenati and

Brosilow [13] studied a packed bed of spheres comparing the distribution to a

damped oscillatory wave. Experiments were performed for five different cases of

the ball diameter(d)and voidage was studied using a epoxy resin to fill into the in-

terstices. The voidage was taken unity at the wall as there was a single point of

contact which gradually decreased from the wall to the center of the bed. Eisfeld

and Schnitzlein [14] tried to correlate the effect of the walls of the packed bed con-

tainer on the pressure drop across the bed using experiments. They also tried to

develop a pseudo-continuous model based on the Navier-Stokes equation taking into

consideration the fluid-solid interaction due to the boundary of the particles in the

packing[15]. This was validated theoretically with previous studies of pressure drop

and axial velocity.

Dixon et al. [16] attempted to better understand the drag-coefficients(Cd) and

heat flow in the steam reforming industry, where Reynolds number range from 500

to 10,000 at the particle-particle and wall-particle contact points. They studied

the four most common modifications at the contact points mentioned in literature,

namely gaps(shrinkage of the particle spheres)[17, 18, 19, 20], overlaps(expanding

the particle spheres)[21, 22, 23], bridges(introduction of a cylinder at the contact

points between the spheres)[24, 25, 26] and flattening [27] the spherical particles near

the particle-particle and wall-particle contact points. They observed that the first

two approximations(gaps & overlaps) cause an increment of 3% error in the pressure

drop for an increment of 1% error in voidage. Also, these lead to an error of ap-
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proximately 4% for the 99% gap and 101% overlap sizes. They recommended that

the bridges method is most reliable if used with an effective thermal conductivity.

Approximations using gap and overlap methods lead to a high error in both drag co-

efficient and particle-particle heat transfer rate unless the modification is extremely

minimal. However, this again requires extremely fine mesh at the contact regions.

Experiments on fixed beds: Glaser and Thodos [28] studied the heat and

momentum transfer charcteristics for a randomly packed fixed bed of solid metal-

lic particles. Different geometry and size of particles and gas compositions such

as hydrogen and carbon dioxide in addition to air were tried out during the ex-

periments. Gai and Dong [29] studied the gasification of non-woody biomass in a

downdraft fixed bed gasifier using air. In this study, the temperature profiles, com-

position of the producer gas and realease of sulphur and chlorine compounds during

gasification were used to investigate the effect of operating conditions on the per-

formance of the gasifer. The yield, efficiency and the low heating value(LHV) of the

fixed bed gasifier were calculated.

Gordillo and Annamalai [30] investigated the effect of equivalence ratio(ER)

and steam to fuel(SF) ratio on the temperature profile, gas composition, efficiency

and the heating value in a dairy biomass fixed bed gasifier. The influence of SF ratio

was found to be more than the ER ratio and temperature influences the compostion

of the outlet gas by increasing the mass fraction of CO and H2O with a decrease

in CO2 and H2. Grieco and Baldi [31] studied a counter current moving bed coal

gasifier by dividing the gasifier into two major zones: drying/pyrolysis at the top

and oxidation/gasification as the bottom analytically. The two zones were coupled

during the calculations. In the pyrolysis zone, efforts were made to study the model

inside the particles and this was again coupled with the model of the entire zone.

Numerical modelling of non-reacting fixed beds: Inorder to explain the

results obtained from fixed beds, numerical modelling of fixed beds has also re-

ceived considerable attention by researchers Yoon et al. [32], Amundson and Arri

[33], Bhattacharya et al. [34] and Hobbs et al. [35]. These models assume a uni-

form gas/solid plug flow in the reactor and the gas temperature is kept equal to the

temperature of the solid phase. The gas phase kinetics have also been neglected in

these studies. Jakobsen et al. [36] suggested a split between the flow and the chem-

istry model parts to provide a more optimal method of solution for each operator.

The behaviour of this scheme was then evaluated using the simulations from two

industrial processes, namely the synthesis gas and methanol production processes
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which is performed in multitube fixed bed reactors at the Statoil methanol plant at

Tjeldbergodden in mid Norway. Skaare [37] gives a comprehensive literature review

of wall-cooled fixed bed reactors.

Jang and Chiu [38] attempted to study the effect of turbulence, porosity and

particle size on the fluid flow and the heat transfer over a sintered bed both numer-

ically and experimentally. The 3-D numerical model assumed the bed as a packed

4-row bed of spheres where the uniform-sized spheres are present in face-centered

cubic arrangement. No chemistry was taken into consideration in this study. Bunt

and Waanders [39] studied the volatization rate of trace elements such as Pb, Hg, Se

and Cd which are left behind after the gasification of low rank grade C bituminous

Highveld coal in South Africa. The study was also carried out for North Dakota

lignite coal and comparisons were made between the two cases. Hg was found to be

the most volatile in both the cases and is present in elemental Hg form in the gas

phase during fixed bed gasification. However, the order of volatilities among the

different trace elements varied for the two cases.

Numerical modelling of reacting beds: Gerun et al. [40] numerically inves-

tigated the oxidation zone in a downdraft gasifier with a focus on the tar cracking

chemical mechanism. Air is used as the oxidizer for the pyrolysis gas and RNG κ

- ε turbulent model is used in order to both compromise accuracy and efficiency.

The results were compared with the experimental data and found to agree satis-

factorily. Cerutti et al. [41] studied the extraction of vegetable oils using fixed bed

columns experimentally and numerically. When solving numerically, the total oil

mass extracted showed a maximum error of 20% compared to the experimental data.

The numerical model used a non-dimensional transient model for the mass transfer

and the governing equations were solved using the finite volume method. Hallett

et al. [42] studied the effect of using non-uniform particle size of the fuel in fixed

bed combustion/gasification.

Yoon et al. [32] studied moving bed(countercurrent) gasifiers using a steady state

homogeneous model. The model was compared with a commercial Lurgi pressurized

gasifier and slagging reactor and the agreement between the results was good. One of

the major assumptions introduced in the model was that the reactor was divided into

two distinct zones, namely an adiabatic core representing majority of the reactor and

then a colder boundary layer surrounding the adiabatic core. There is no heat loss

from the adiabatic core to the boundary layer. Only the boundary layer is affected

by the heat loss to the walls. However, this has little effect on the performance of

the Lurgi gasifier. Similarly, Amundson and Arri [33] performed a numerical study
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on char paticle gasification in Lurgi reactor. The paper attempts to explain the

working phenomenon of a counter-current gasifier in the combustion zone using a

shrinking core model. The developed model was used to predict the gas composition,

temperature distribution and the maximum temperature in the reactor, with distinct

zones for combustion and gasification. Cho and Joseph [43] have improvised these

works and included heterogeneous gas-solid temperatures. Further, a pseduo steady

state assumption was made to compute the solution of the material and energy

balance equation. The results were compared with plant data from Morgantown

Energy Technology Center gasifier with good agreement.

CFD modelling of fixed beds: Numerical methods to solve basic conservation

equations describing fluid flow coupled with the heat and mass transfer using com-

putational fluid dynamics (CFD) has received significant attention in the recent

years.e.g. see review by Dixon et al. [44] CFD has also attracted considerable at-

tention in the recent years CFD modelling enables study of the system without any

external changes to the system. In case of experimental studies, the observer or

the researcher changes the system to an extent to study the system and hence, the

results are not completely inherent of the system.Also, CFD methods save consid-

erable amount of time, labor and capital costs which are inherently present during

the study of pilot scale plants.

1D: DeLemos [45] presented one-dimensional numerical model to simulate the

combustion of air and methane in a porous media. Four different thermo-mechanical

models were tried out in this study. The results differed considerably based on

the model used for the numerical simulations. The laminar combusting flow with

radiation model was further studied by Coutinho and de Lemos [46]. This group

has also worked upon the numerical model of turbulent combusting flow in inert

porous media[47] and in moving beds[48]. Pivem and de Lemos [49] from the same

group extensively studied the effect of physical properties such as Reynolds number,

porosity, thermal conductivity and various other factors using numerical simulations

in a crossflow moving thermal bed.

2D: Behnam et al. [50] attempted to study the radial heat transfer in fixed beds

using a 3D velocity fields from CFD simulations. The information from the simu-

lations was used to extract a 2-D temperature field which was then compared to a

2D pseudo-continuum model. Chen et al. [51] developed a comprehensive 2D het-

erogeneous CFD reactor model for the catalytic dehydrogenation reaction of syngas
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over a supported metal catalyst. Similarly, Xi Gao and hong Luo [52] studied the

catalytic coupling reaction of carbon monoxide(CO) – diethyloxalate(DEO) in a

fixed-bed reactor. Here, an exponent-function reaction kinetic model was used to

study the flow characteritics and the coupling reaction in the fixed bed reactor.

The convetional Ergun equation fails to take into account the effect of particle

size and this was proved by Keyser et al. [53]. They used CFD to study the effect of

particle size on the pressure drop within a fixed bed. Using an experimental setup,

pressure drop measurements were made across beds with the same average particle

size, particle sphericity and bed voidage but different particle size distribution(PSD).

It was found that the pressure drop across the beds were different though the Ergun

equation suggested the same pressure drop. This group suggested a novel method to

simulate the coal particles in a fixed bed using the mathematical procedure called the

Voronoi tessellation. By this method, a 3-dimensional computational space is sub-

divided into randomised convex polyhedra. Each of these polyhedra represented

a single coal particle. The polyhedra were further modified to accomodate the

average sphericity and the overall bed voidage by translating and squashing each of

the polyhedra in a single direction. Meshing of the geometry involved fitting of a

cubical mesh into the void spaces between the polyhedra. It was observed that a

lower PSD results in a lower pressure drop across the bed, with all other properties

remaining the same. Also, the glas flow rates was found to be higher than the inlet

superficial velocity for some channels, while it was quite low or almost zero(stagnant)

for some channels.

3D: Freund et al. [54] studied the three-dimensional (3D) flow field and local

concentration in a randomly packed isothermal bed applying Lattice-Boltzmann

method, where a first-order reaction on the solid surface was implemented. Dixon

et al. [55] investigated the flow in a 120o segment of a packed tube taking into

account intraparticle reactions and gradients for the steam reforming process. Nije-

meisland and Dixon [56] used CFD simulations to study the flow and heat transfer

properties through a packed bed of solid spheres. The RNG κ - ε model was used to

employ turbulent conditions in this study. Augier et al. [57] studied the transport

and transfer properties in packed beds consisting of spherical particles using CFD

simulations. They also developed a dense packed model using Discrete Element

Method to study the real granular media.

Logtenberg et al. [58] studied the fluid flow and heat transfer characteristics in

packed bed reactor where the reactor was represented with a finite element model

consisting of 10 spheres with a tube-to-particle diamater ratio of 2.43. The Reynolds
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number was varied from Re = 42 - 3344 and the veclocity vector profiles near

the wall-particle contact points were observed. The studies were made for both

a wall-heated and wall-cooled bed. However, this study doesn’t take into account

the chemistry in the reactors. Cooper and Hallett [59] developed a heterogenous

numerical model for studying fixed bed combustion. They tried to incorporate the

oxidation of CO in the gas-phase, axial heat conduction in the solid and gas phase

as well as the effects of ash and grate. Nijemeisland and Dixon [17] successfully

compared the flow and heat transfer characteristics in a fixed bed consisting of 44

spheres with a tube-to-particle diameter ratio of 2 using both CFD simulations and

experiments.

Taskin et al. [4] compared the wall segment model with the complete wall

full-bed model of a fixed bed reactor with cylindrical packing to enable reduced

computational load for future studies. The wall segment(WS) model is represented

as a 120◦ segment of the complete wall(WS) model. However, they only considered

only the momentum and energy conservation equations in both the cases. The κ− ε
turbulent scheme with RNG model was considered in this model. The overall bed

voidage in both the cases was kept at 0.5. The agreement between the radial profiles

of temperature and axial velocity was found to be good at overall 120◦ section and

central 60◦ sections(better agreement).

Motivation: The majority of CFD modeling is dedicated to the fluid flow in the

void space and the interphase heat transfer. There has been very little work to study

the flow and heat transfer characteristics of chemically reacting carbon particles in

a packed bed. Recently, Schulze et al. [60, 61] carried out comprehensive three

dimensional numerical studies of chemically reacting char particles in a fixed bed

coal gasifier using 3D representative column consisting of random packed particles.

There has been very little to negligible work on the numerical study of chemically

reacting particles in dense particulate media, including flow dynamics, energy and

species characteristics to study processes inside of combustion and gasification zones.

However, 3D CFD simulations involving these three governing equations require lot

of processing time and computational power. Keeping this in mind, we aim to

develop a 2D axisymmetric geometry derived from a 3D row of particles to study

conditions similar to a fixed bed/fluidized bed reactor.
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Chapter 2

Development of a 2D model to

approximate 3D structured

packed beds

Coal in fixed beds have been used for combustion and gasification to produce syn-

gas for more efficient power generation using gasifiers. Hence, information about

the temperature and species concentration(solid and gas species) inside chemically

reacting fixed bed is of utmost interest. These studies can be used to further im-

prove the efficiency and output of a fixed bed gasifier. In this view, modelling of

dense particulate media to study fixed beds could help in understanding and op-

timization of the combustion and gasification process. As a part of this process,

selection of an effective numerical model is quintessential for this task. Hobbs

et al. [62] provided an extensive review of study on the numerical modelling of fixed

bed combustion and gasification processes. This paper identified 37 models out

of which 5 are 0-D models, 27 are 1-D models, and only 4 are 2-D models. The

1D models are able to predict only axial profiles of basic parametrers. However,

1D models fail to predict flame location and temperature differences between the

solid and gas phase in the entrance region of the fixed bed. Moreover, 1D models

need more assumptions referring to heat and mass transfer submodels characterising

particle-gas interactions [63, 64, 59]. 1-D numerical modelling of fixed bed gasifiers

by researchers, Yoon et al. [32], Amundson and Arri [33], Hobbs et al. [35] assume

an uniform gas/solid plug flow in the reactor and the gas temperature is kept equal

to the temperature of the solid phase. However, the transport equations for both

phases(gas and solid) and the gas phase chemical kinetics have been neglected in

these studies.
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Numerical methods to solve basic conservation equations describing fluid flow

coupled with the heat and mass transfer using computational fluid dynamics (CFD)

has received significant attention in the recent years.e.g. see review by Dixon et al.

[44] Augier et al. [57] studied the transport and transfer properties in packed beds

consisting of spherical particles using CFD simulations. They also developed a

dense packed model using Discrete Element Method to study the real granular me-

dia. However, the majority of CFD modeling is dedicated to the fluid flow in the

void space and the interphase heat transfer. There has been very little work to study

the flow and heat transfer characteristics of chemically reacting carbon particles in

a packed bed. Freund et al. [54] studied the three-dimensional (3D) flow field and lo-

cal concentration in a randomly packed isothermal bed applying Lattice-Boltzmann

method, where a first-order reaction on the solid surface was implemented. Dixon

et al. [55] investigated the flow in a 120 segment of a packed tube taking into

account intraparticle reactions and gradients for the steam reforming process. Re-

cently, Schulze et al.[60, 61] carried out comprehensive three dimensional numerical

studies of chemically reacting char particles in a fixed bed coal gasifier using 3D

representative column consisting of random packed particles.

However, these studies are computationally very expensive and time consuming.

Wehinger et al.[65] carried out 3D detailed simulations of fixed beds for the catalytic

dry reforming of methane consisting of 113 spherical solid particles taking into ac-

count heat conduction inside the particles. Detailed surface mechanism for the dry

reforming of methane including 42 chemical reactions was utilized. The computa-

tional grid used in simulations comprises of 3.2 millions cells leading to more than

100 days which were necessary to complete simulations.

Analysis of the literature shows that 2D models describing mesoscale (several

particles) processes in a fixed bed are rare[34, 66, 67]. These models are unable to

predict velocity distribution between particles within the bed. Motivated by this

fact, we approximate a 3-D model of a fixed bed of particles into a 2-D asymmetric

model to understand flow dynamics and heat transfer characteristics of gas phase as

well as heterogenous and homogeneous kinetics, with the advantage of less processing

time and resources.

2.1 Model Formulation

We preferred a structured cubic(SC) packing for the 3D arrangement of particles in

the packed bed with a porosity of ∼0.48, due to their low pressure drops and high

overall heat transfer efficiency[68]. It should be noted that the porosity of SC packing
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is closer to randomly packed fixed beds consisting of monodisperse particles[69] in

comparison to FCC(ε = 0.26). In the present study, a row of spherical coal char

particles with a radius of rp = 10mm are placed in a stationery position in a hot

environment. The velocity of the inlet gas is measured in terms of the Reynolds

number given by:

Re =
ρin uin dp
µin

(2.1)

where ρ∞ and µ∞ are the density and molecular viscosity, respectively, correspond-

ing to the inflow temperature Tin and the gas composition. The inlet gas composition

was considered to be ‘dry air’, where YO2 = 0.233 and YH2O = 0.001. All calculations

are accomplished at a total pressure of 1 bar.

(a)
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3D CROSS−SECTION  

(b)

Figure 2.1: (a) 3-D representation of the fixed bed with SC packing, (b) 3-D cross
section of the fixed bed highlighting the computational domain;

10



(a)

(b)

(c)

Figure 2.2: (a) Schematic representing the 3D domain, (b) Zoomed view of the
meshed 3-D domain showcasing the stair-case mesh structure, (c) Cut section view
of the 3-D mesh;

A fixed bed row of particles is illustrated in Fig.2.1(a). A cross-sectional view

of this 3-D figure is represented in Fig. 2.1(b). The highlighted part in this section

is considered for the 3D geometry, which covers 1
4

th
of the entire sphere. The flow

rate for this highlighted part is:

ṁ = ρ∞ ·

(
r2p −

πr2p
4

)
· u∞ (2.2)

The highlighted section arranged, in a row, one behind the other gives us the 3-D

computational domain, as shown in Fig. 2.2(a). The meshed 3-D domain is shown

in Fig.2.2(b) with the cut-section view of the mesh illustrated in Fig.2.2(c). The

first step of the 2-D approximation is the assumption of a cylidrical representative

element, as shown in Fig.2.3(b). A cross-sectional view has been shown in Fig.2.3(a).

The second step in the approximation involves the conversion of the cylindrical

element into an axysymmetric 2-D geometry, as shown in Fig.2.3(c).

The principle behind the approximated 2D geometry from the 3D domain is that

the flow rate remains the same between the 3-D and 2-D models, though the cross-
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CARBON PARTICLE

REPRESENTATIVE ELEMENT

(a)

(b)

INLET

AXIS

SYMMETRY

OUTLET

(c)

Figure 2.3: (a) Cross-sectional view of the 3-D domain illustrating the representative
element, (b) 3-D isometric view of the representative element, (c) Schematic of the
2-D axisymmetric geomtery of the representative element

12



sections may be different. The radius of the 2D cylindrical representative element

is then calculated to be 1.4467rp.

4(4r2p − π(rp)
2) = π(r2x − r2p)

=⇒ r2x =
16

π
r2p − 3r2p

=⇒ r2x =

(
16

π
− 3

)
r2p

=⇒ rx = 1.4467rp

(2.3)

Using the above radius, we find the radius of the width of the inlet of the 2-D

configuration as,

rin =
rx − rp

2
+ rp

=⇒ rin =
1.4467rp − rp

2
+ rp

=⇒ rin = 1.2234rp

(2.4)

The surface area of the 3-D geometry by the stair-step meshing method is found to

be higher than that of a sphere(4πr2) by a factor of 1.5 [2]. The ratio of the 2D

domain was calculated to be 0.55 which was found to be ∼ 15 % higher than the

3D structured packing.

The flow rate of the 3-D cross section taken into consideration for the simulations

is given by,

ṁin = ρ · Uin · Sin (2.5)

where Sin = r2p is the inflow cross-sectional area. The total 3-D cross-sectional area

is

ṁ∈ = 16 · ṁin (2.6)

The 2-D cross-sectional velocity,u0 can then be calculated as,

u0 =
ṁ∈
ρ · S0

(2.7)

where S0 = π · r2x is the cross-sectional area of the 2-D geometry.

The representative element highlighted by the dotted lines is shown in Fig. 2.3(a).

The 3D and 2D models are then compared in terms of velocity, temperature and

mass fraction of CO2 along the symmetrical edge. The inflow temperature is kept at

1000 K. Three different values of Reynolds number are considered for the simulations

: Re = 10, 50 and 100.
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2.1.1 Chemistry

The model takes into consideration six gaseous chemical species namely, O2, CO,

CO2, H2, H2O, and N2. The chemistry is modeled using semi-global homogeneous

and heterogeneous reactions as mentioned below [70]:

heterogeneous (surface) reactions:

C +
1

2
O2 → CO (R1)

C + O2 → CO2 (R2)

C + CO2 → 2CO (R3)

C + H2O→ CO + H2 (R4)

homogeneous (gas phase) reactions:

CO +
1

2
O2 + H2O→ CO2 + H2O (R5)

CO + H2O→ CO2 + H2 (R6)

CO2 + H2 → CO + H2O (R7)

The rate and kinetics of these reactions are provided in Table 2.1.1. The kinetics of

reaction.R7 was calculated simultaneously with reaction.R6 using thermodynamic

equilibrium. It should be noted that these semi-global heterogeneous and homoge-

neous chemical reactions are widely used to model industrial combustors or gasifiers

using computational fluid dynamics software, e.g. see [71]. However at the same

time, it is a well-known fact that global reaction rates are often only valid in a

narrow range of conditions and should be used very cautiously.

Reaction No. Ar nT EA(J/kmol) Refs

R1 3.007× 105 m s −1 0 1.4937× 108 [72]
R2 593.83 m s −1 K−1 0 1.4965× 108 [72]
R3 4.605 m s−1K−1 1 1.751× 108 [73]
R4 11.25 m s−1 K−1 1 1.751× 108 [73]
R5 2.24× 1012 m2.25 kmol−0.75s−1 0 1.6736× 108 [70]
R6 2.75× 109 m3kmol−1s−1 0 8.368× 107 [74]
R7 9.98× 1010 m3kmol−1s−1 0 1.205× 108 –

Table 2.1: Kinetic coefficients for the chemical reactions; (Gasification Processes:
Modeling and Simulation)[2]
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2.1.2 Assumptions and Governing Equations

Several assumptions are introduced in order to solve the mathematical CFD-based

model.

1. The consumption time of the particle is always large compared to the con-

vective and diffusion time scales for the gas phase. Hence, Pseudo-Steady-

State(PSS) approach has been assumed,(refer [75, 76]).

• Further discussions on PSS can be found in works of Higuera [77], Safronov

et al. [76] and Kestel et al. [78].

2. The gas flow was treated as an incompressible ideal gas.

3. The representative element is considered to be axysymmetrical with a sym-

metrical gasflow.

4. The porosity of the particles is not taken into account which results in neglect-

ing the intraparticle diffusion. The surface reaction model is used to simulate

the interaction between reacting solid surface and gas phase.

5. The particles consists of carbon only. In particular, the volatilization of the

particles is not included due to the steady-state character of the model.

6. The radiation of the gas phase is modeled using the P-1 model.

7. The buoyancy effect is neglected.

These assumptions facilitate the formulation of governing equations for the

model. The mass and momentum conservation equations take the following form,

refer [2]:

∇ · (ρ ~u) = 0 (2.8)

∇ · (ρ ~u ⊗ ~u) = −∇p+∇ · (¯̄τ) (2.9)

where ρ is the density, p is the pressure, and ~u = (ux, ur)
T is the velocity vec-

tor. In eq. 2.9 ⊗ denotes the dyadic product of two vectors. The density of an

incompressible ideal gas is given by

ρ =
P

RgT
∑

i

Yi
Mi

(2.10)
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The stress tensor, ¯̄τ is comprised of

¯̄τ = η

{
[∇~u+ (∇~u)T ]− 2

3
∇ · ~u

}
(2.11)

where η represents the molecular viscosity.

The species and energy conservation equations are represented by the following

equations respectively,

∇ · (ρ ~uYi) = ∇ · (ρDi∇Yi) +Ri (2.12)

∇ · (ρ ~uh) = ∇ · (λ∇T − ~qr)−
∑
i

h0i
Mi

Ri (2.13)

where i represents each of the participating reactants O2, CO2, CO, H2 and H2O.

Y is the mass fraction and D is the mass diffusion coefficient of the species. The

mass fraction for N2 is calculated as YN2 = 1−
∑

i Yi. h is the enthalpy, h0 is the

enthalpy of formation and M is the molecular weight of the species while ~qr stands

for the gas-phase radiation source. The P-1 radiation model requires the solution of

an additional transport equation for the incident radiation term G as shown below,

[1],

∇ ·
(
∇G
3α

)
− αG+ 4αn2σT 4 = 0 (2.14)

The species net production rate Ri is computed as the sum of the Arrhenius reaction

sources over r = NR reactions in which the species are involved,

Ri = Mi

NR∑
r

R̂i,r (2.15)

Here the Arrhenius molar rate of creation/destruction R̂i,r is calculated as

R̂i,r =
(
ν ′′i,r − ν ′i,r

) kr N∏
j=1

[Cj,r]
(η′j,r−η′′j,r)

 (2.16)

for a homogeneous reaction, where ν ′i,r is the stoichiometric coefficientfor reactant i

in reaction r and ν ′′i,r is the stoichiometric coefficient for product i in reaction r. η′j,r
and η′′j,r are the forward and backward rate exponents for each reactant and product

species j in reaction r.
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2.2 Boundary Conditions

The governing equations can be solved provided that boundary conditions are spec-

ified at the inlet and outlet boundary as well as at the symmetry axis and the upper

side of the computational domain. We use the Neumann boundary conditions for

the symmetry axis as well as the upper side, which can be expressed in the form as

follows:

∂p

∂r
= 0,

∂~u

∂r
= 0,

∂Yi
∂r

= 0,
∂T

∂r
= 0 (2.17)

The values for the gas velocity, masss fractions and temperature at the inlet

boundary are given by:

~u = ~uin, Yi = Yi,in, T = Tin (2.18)

This is also a convenient way to input our study pre-requisites such as the

Reynolds number or the inlet temperature. We use the outflow boundary condi-

tion with an overall mass balance correction at the outlet boundary(see [79]). We

know that there is a “no-slip” boundary condition on a chemically non-reacting

solid surface implying that the fluid velocity at the solid wall is zero. But, if there

is a heteregenous chemical reaction occuring at the solid surface, the velocity in the

normal direction from the surface can be non-zero. This flow which is induced by

heteregenous reactions at the surface is called Stefan flow and is represented by the

following form(see [2]):

n · ~u =
ṁ
′′
C

ρ
(2.19)

Our system consists of heterogeneous reactions which affects mass and energy

balance at the interface between the particle surface and the gas phase. Hence, there

is a significant influence by the heterogeneous raeactions on the boundary conditions

for the gas species and the temperature. At the surface, the convective and diffusive

mass fluxes of the gas-phase species are balanced by the production/destruction rates

of the gas-phase by surface reaction as described by the Reactions(R1 - R4)(refer to

[80]).
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ρsDi,m
∂Yi,s
∂n
− ṁ′′C Yi,s = Mi R̂i,s︸ ︷︷ ︸

heterog.reac.

; (2.20)

ṁ′′c =
∑
i

MiR̂i,s (2.21)

n · λ∇T |solid − n · λ∇T |gas =
∑
r

∆RHr,jRr,j,s︸ ︷︷ ︸
heterog.reac.

+ εsσ(T 4
s − T 4

in)︸ ︷︷ ︸
radiation

(2.22)

(2.23)

where Rj,s is the production rate of species j due to the surface reaction r, ṁ
′′
C is

the net mass flux between the surface and the gas in kilogram per square meter per

second, the index “gas” refers to the gas side at the wall and n is the vector normal

to the wall. εs stands for the emissivity of the particle surface(εs ≈ 1.0 for solid

carbon).

NOTE: These boundary conditions are valid for all steady and transient cases

of the numerical model(refer,[80]).

The commercial software, ANSYSr Fluent™14.0[1] was used to solve the govern-

ing equations combined with the boundary conditions. A semi-implicit(SIMPLE)

scheme was used for pressure-linked equations during the pressure-velocity coupling.

Next, the discretization scheme used for convective terms in all the equations is called

quadratic upstream interpolation for convectice kinematics or QUICK scheme. The

under-relaxation factors for the species and energy were kept at 0.5 at the start and

then were gradually increased as the simulations progressed on. Due to the strong

couling between the species and energy conservation equations, the under-relaxation

factors were T and Yi were set to 9.0. When the maximum normalized residuals for

all equations were < 10−9 and a constant surface deposition rate of solid carbon was

obtained for the species. the convergence iterations were considered to be converged

and stopped.

2.2.1 Numerical Software and Validation

Mesh generation of the 3D and 2D geomtery is performed in Gambit and Fluent

v14.0 is used for the numerical simulations. The conservation of mass( 2.8), mo-

mentum( 2.9), energy( 2.13) and species( 2.12) is applied at the particle surface.

The effect of the Stefan flow and the heat loss due to radiation are also included in

the problem set-up. Mathematical formulation of all boundary conditions including

heterogeneous reactions and P1-radiation model can be found in works [81, 76].
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The kinetic coefficients kr of chemical reactions (R1) through (R7) are calculated

using the extended Arrhenius expression[2],

kr = Ar T
nT
S exp

−EA
RTS (2.24)

where Ar is the pre-exponential factor, nT is the temperature exponent, and EA is

the activation energy. The values for Ar, nT and and EA with corresponding units

are given in Table 2.1.1. Notice that the CO oxidation-reaction order (reaction R5)

is not related to the stoichiometry of the reaction due to the global character of

this reaction. It should also be noted that the reaction C + 2H2 is not included in

considerations because the rate of reaction is much lower than those of the other

heterogeneous reactions. The model and software validation applied to modeling of

chemically reacting carbon particles have been published in following works:

• [76] - validation against analytical two-film model (the influence of the Stefan

flow has been illustrated numerically),

• [81] - validation against Bejarano & Levendis experiment Bejarano and Lev-

endis [82],

• [78, 83] - validation against Makino et al experiment [84].

Applied to 3D simulations carried out in this work the final Cartesian grid con-

sists of 1.2 · 106 control volumes (CV), see Fig. 2.2c. A stair-step meshing method

was utilized. It should be noted that the use of stair-step approximation of a sphere

leads to the increase in surface area by a factor 1.5, for details see [85].

Final grid for 2D simulations comprises of 46 · 103 control volumes, see Fig.2.3c.

This resolution was chosen based on the grid study perfomed for three diferent grids

with 13 · 103 CV, 46 · 103 CV and 113 · 103 CV, respectively.

2.2.2 Effect of P1- Radiation model

The effect of P-1 radiation model has been performed in our study during combustion

and gasification. However, we wanted to independently study the P-1 radiation

model with prime focus upon the geometry of the channel. This helps validate the

results during the case of combustion and gasification.

The P-1 radiation model is considered to be the most basic form of the P-N

model. The radiation flux can be given by the following equation, refer [79]:

qr = − 1

3(a+ σs)− Cσs
∇G (2.25)
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where a is the absorption coefficient, σs is the scattering coefficient, G is the inci-

dent radiation, C is the linear-anisotropic phase function coefficient. This equation

can be simplified by using a parameter, Γ:

Γ =
1

3(a+ σs)− Cσs
(2.26)

Thus, Eq. 2.25 can be written as,

qr = −Γ∇G (2.27)

We also write the transport equation for the incident radiation, G as

∇ · (Γ∇G)− aG+ 4aσT 4 = SG (2.28)

where σ is the Stefan-Boltzmann constant and SG is a radiation source defined

by the user. Combining Eq. 2.27 and Eq. 2.28, we obtain the following equation

−∇ · qr = aG− 4aσT 4 (2.29)

The above equation is used by FLUENT to account for the heat sources due to

radiation. The absorption coefficient for the gas radiation is calculated by the use

of the cell-based Weighted-Sum-of-Gray-Gases Model [79, 86].

(a)

(b)

Figure 2.4: Meshed domain used for the (a) simple axisymmetric geometry, (b)
complex axisymmetric geometry

We made a geometry-based study of P-1 radiation model and wsggm-cell based

model using a tube-shaped geometry for a simple and complex domain represented

by 2-D axisymmetric geometry as shown in Fig2.4(a) and (b) respectively. The ra-

dius of the tube was taken as 1 cm and the length of the tube was taken as 2 m. The
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temperature at the inlet was taken as 1000K and the wall temperature was main-

tained at 800K. The Reynolds number was kept at 50. The inlet gas composition was

taken as, YCO2 = 0.99 and N2 as the remaining constituent. Variations were made

at the symmetry wall to change the shape from a simple line to a zig-zag(complex)

boundary. The main motive was to gain insight into the effect of radiation in a

domain with enhanced surface areas using temperature plots along the axis. Fig.2.5

and Fig.2.6 illustrate the temperature contour profiles for the simple and complex

tube. From Fig.2.7, we see that the temperature along the axis for the complex

tube is remains lower than the simple tube with and without radiation. This goes

to prove that the high surface area of the complex geometry indeed plays a vital

role in order to uniformize the temperature with the channel much faster compared

to the simple tube. This can also be further proved by the following equation,

Q = U ·A ·∆T (2.30)

where ‘Q’ is the heat transferred through an area ‘A’ with a heat transfer co-

efficient ‘U ’ with a temperature difference of ‘∆T ’. As the heat transfer coefficient

remains the same, a higher area would lead to a higher heat transferred for the

same temperature difference. The conclusions drawn from this study motivated us

to report the effect of radiation in the 2D model approximated for our study. The

results will be further discussed in Section.2.4.
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(a) No Radiation

(b) Radiation

Figure 2.5: Temperature contour profile with and without radiation for a simple
tube represented using 2D axysymmetric geometry. Inflow gas composition: YCO2

= 0.99 at Tin = 1000K

(a) No Radiation

(b) Radiation

Figure 2.6: Temperature contour profile with and without radiation for a complex
tube represented using 2D axysymmetric geometry. Inflow gas composition: YCO2

= 0.99 at Tin = 1000K
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Figure 2.7: Temperature plots comparing the axial temperatures for simple and
complex tubes represented using 2D axysymmetric geometry. Cases with and
without radiation have been shown in the figure.
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Figure 2.8: Temperature and YCO2 profiles for performing grid study for meshes
of sizes: 13K, 46K, 55K, 60K, 71K and 113K. Inflow gas composition was taken as
YO2 = 0.233 and YH2O = 0.001 with Tin=1000K

2.2.3 Grid Study

The accuracy, convergence and numerical stability of a solution are highly dependent

on the distribution and number of grid points in the geometry under consideration.

The computational geometry is discretized by uniform unstructured triangular type

mesh. The full grid view of the domain is shown in Fig. 2.3(c). Simulations were

performed for 13k, 46k, 55k,60k, 71k and 113k number of mesh elements with and

without P-1 radiation model. Temperature and YCO2 along the axis were compared

for these cases. It was concluded that the simulations with radiation were inde-

pendent of the size of the elements for all the cases as shown in Fig.2.8(a) and

(c). However, when P-1 radiation is included, we observe slightly different profiles

for temperature and YCO2 . This was attributed to the cell-based Weighted-Sum-

of-Gray-Gases Model [79, 86]. As the name suggests, this model is cell based and
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hence, affects the profiles in the presence of radiation. We decided to use the mesh

size of 46k, keeping in mind, the computational time required for simulations and

profile variations, as seen in Fig.2.8(b) and (d).

2.3 RESULTS

2.3.1 Flame sheet formation

During combustion, the CO2 diffuses through the stagnant layer and then reacts

heterogenously with carbon at the particle surface to release CO. This reaction

being endothermic absorbs heat from the inlet air. The CO which is produced at

the surface then diffuses outward and reacts with the incoming O2 to form CO2

according to Reaction R5. This leads to a zone of maximum CO2 similar to a

flame sheet over the particle. Simultaneously, the CO2 produced at the flame sheet

diffuses inward to react heterogenously with the carbon particle surface through

Reaction R3. Increase in the Reynolds number of the inlet gas extends the flame

sheet further into the channel. This can be attributed to the fact that the increase

in the Reynolds number leads to an increase in the flow rate of the inlet gas into

the channel leading to an enhancement of O2 in the intraparticle space. Thus, CO

diffusing outwards from the particle surface reacts with the overly ample O2 to

produce CO2 resulting in a longer flame sheet extending into the channel.

Fig.2.9 presents the CO2 isosurfaces at different Reynolds number with and

without radiation for the 3D model. The figures on the left represent the case

without radiation while that on the right represent the case with radiation. The

flame sheet is represented by the contour with the highest mass fraction of CO2.

As discussed before, the effect of Reynolds number, is clearly visible in this figure.

The increase in Reynolds number results in an extension of flame sheet within the

channel as seen in Fig2.9(a),(b) and (c). Radiation affects the flame sheet over the

particle bed by elongating it over an additional particle.

2.3.2 Comparison of 2D and 3D model

Simulations were performed for 2D and 3D models at varying Reynolds number of

10, 50 and 100. The inlet gas composition was taken as YO2 = 0.233 and YH2O =

0.001 with Tin = 1000K, which represents the case of combustion within fixed bed

gasifiers. The P-1 radiation model was considered for this study. The results have

been compared in terms of velocity(||U ||), temperature(T ), mass fraction of CO2.

Comparisons have also been made on the surface as well as along the axis to gain
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deeper insight into the validity and robustness of the model.

Before proceeding to the comparison of parameters with combustion, we per-

formed a cold run comparison between the 2D and 3D model to evaluate the devel-

opment of velocity within the channel bed, without any heat transfer or chemical

reactions. Fig. 2.10 shows the comparison of the velocity magnitude for all the cases

studied. Fig. 2.10(a) illustrates the cold run case, where the species and energy

equations are turned off to only study the influence of the model on the flow veloc-

ity. The inflow temperature of the gas is kept at 300K. The velocity profile within

the channel, when the fluid enters the row of particles, is much higher than the inlet

superficial velocity. This is contrary to the popular assumption in literature of a

plug flow within the reactor bed[87, 88, 89]. The velocity profile follows a sinusoidal

profile, where each peak of the curve represents the position of the center of the

particle. Though the models have the same inlet flow rate, the peak velocity was

observed to be slightly higher(8.33%) for the 2D model. This suggests that the

model agree with each other in terms of development of fluid velocity within the

fixed bed. However, the velocity increases and decreases at a slightly faster rate as

it flows over the particles in the 2D model.
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 2.9: CO2 isosurfaces at different Re depicting the effect of radiation; Figures
on the left represent the case without radiation and figures on the right represent
the case with radiation

The cold flow study is followed by the comparison of the velocity profiles between

the two models at three different Reynolds number of 10, 50 and 100 as shown in

2.10(b), (c) and (d) respectively. The inlet gas composition was taken as YO2 =

0.233 and YH2O = 0.001 with Tin=1000K. The peaks of the curves represent the

maximum width of a particle resulting in an increase of the gas velocity. It can be

concluded from Fig.2.10 that the agreement between the two models is very good.
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However, the velocity gradient is higher in the 2D model between the particles,

compared to the 3D case. Apart from the local fluctuations in the velocity profile of

the gas phase, we also notice an increase in the average velocity profile for Re = 50

and 100. Combustion leads to a massive increment in the gas phase temperature,

resulting in a decrease in the density and thus, an increase in the mean flow velocity.
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Figure 2.10: Comparison of velocity magnitude for different cases; (a) Cold gas run
without heat transfer and chemical reactions, with Tin = 300 K, (b) Combustion
at Re = 10 and Tin = 1000K (c) Combustion at Re = 50 and Tin = 1000K (d)
Combustion at Re = 100 and Tin = 1000K

Fig.2.11 represents the axial temperature as well the mass fraction of CO2 along

the axis for both the models at different Re of 10, 50 and 100. The peak value

of YCO2 = 0.295 in the bed remains the same for all the three cases of Reynolds

number. However, increase in Re results in a shift of the peak YCO2 downstream

of the bed channel as seen in Fig.2.11(a). This can be attributed to a higher flow

rate through the channel for higher Re. It should be noted that the mass fraction

of CO2 is not zero at the outlet for Re = 10 but remains very low (4 · 10−5). In this

case, the Boudouard reaction goes to completion (YCO = 0.35) and unavailability of
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O2 (YO2 = 0) in the gas phase inhibits the further production of CO2. Fig.2.11(b)

illustrates the axial temperature profiles for the two models at different Reynolds

number. We observe a slight increase in the peak axial temperature for the 2D

model at all Reynolds number. The maximum difference in temperature was found

to be 7.46% for Re = 10. The peak positions were found to be almost the same for

both the models. This can be attributed to the surface area difference between the

two models.

Comparisons were also made between the surface averaged properties, namely

mass fraction of CO2 and particle surface temperature for both the models. It should

be pointed out that the logarithmic scale was used for the comparison of YCO2 for

better understanding of the results as shown in Fig.2.12(a). The difference in YCO2

at the surface of the particles between the 2D and 3D model was found to be minimal

with a maximum difference of 5.82% observed at Re = 50. Also, the value of YCO2

on the first particle remains almost the same at every Reynolds number for both

the models. The mass fraction of CO2 (YCO2), then, decreases along the channel

and correspondingly, increases for an increase in the Reynolds number. The surface

averaged temperature on the particles as shown in Fig.2.12(b). Due to radiation,

the cold inlet gas absorbs considerable amount of heat at the inlet of the channel,

and then tends to reacts downstream of the channel resulting in an considerable

increase in temperature, as can be seen from the figure. The profiles for the 3D and

2D models are similar to each other with a maximum variation of 9.55 % evaluated

at Re = 100.

The comparison plots are further supported by contour plots for CO2 and tem-

perature for the 3D and 2D models as illustrated in Fig.2.13 and Fig.2.14 respec-

tively. We see that the contour profiles for the 3D and 2D models are in excellent

agreement with each other. Hence, it should be noted that the 2D model can be used

reliably to study the combustion/gasification processes within a fixed bed gasifier.
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 2.13: CO2 contour plots for 3D and 2D models at Reynolds number, Re =
10, 50 and 100; Inflow gas composition was taken as YO2 = 0.233 and YH2O = 0.001
with Tin=1000K; P-1 radiation model was included.
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 2.14: Temperature contour plots for 3D and 2D models at Reynolds number,
Re = 10, 50 and 100; Inflow gas composition was taken as YO2 = 0.233 and YH2O

= 0.001 with Tin=1000K; P-1 radiation model was included.

2.4 Effect of gas radiation

The effect of radiation on the combustion characteristics at Reynolds number, Re =

10, 50 and 100 has also been investigated. Fig.2.15 shows the comparison of surfaced

averaged temperature(TS), (left) and carbon mass fluxn(ṁc
′′), (right). Radiation

helps the cold inlet air to absorb heat from the particle surface at the inlet of the
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fixed bed which is shown by the drop in the particle surface temperature. The hot

inlet gas stream reacts downstream leading to an increase in the surface temperature.

There is no significant difference in the carbon mass flux for Re = 10. However,

there is an decrease in the deposition rate by 50% at the inlet of the particle row for

Re = 50 and 100, owing to the huge drop in surface temperature. The carbon mass

flux remains almost the same downstream of the row, with and without radiation, at

every Reynolds number. In a fixed bed reactor, particles which come in contact first

with the inflow gas stream tend to be consumed faster due a higher consumption

rate as seen from these plots.

2.5 Summary

This chapter attempts to develop a 2-D model to approximate 3-D structured packed

beds in order to save computational time and resources. Simulations were performed

at Re = 10, 50 and 100 with composition of inlet gas as YO2 = 0.233 and YH2O =

0.001 and inlet temperature of 1000 K. Comparisons were made between the 2D and

3D model and the results can be summarized as follows:

• The velocity profiles for the two models were in very good agreement with

each other with a maximum difference of 8.33% for cold run. The maximum

difference in the developed velocity profiles during combustion was calculated

to be 18.75 % between the two cases.

• Axial YCO2 and temperature were also compared for the two models and plots

showed excellent agreement. The maximum difference between the peak tem-

peratures was found to be 7.46 % observed for the case of Re = 10, with a

peak axial temperature of 2500 K for 3D and 2300 K for 2D model.

• Comparison of parameters at the surface were also performed. The difference

in YCO2 between the 2D and 3D model was found to be minimal with a

maximum difference of 5.82% observed at Re = 50. The surface temperature

profiles for the 3D and 2D models showed a maximum deviation of 9.55%

evaluated at Re = 100.

• As an engineering relevance, further particles can be added to the model and a

longer row comparable to the height of a fixed bed in a reactor can be studied

using this 2D model.

Finally, it should be noted that the results of Particle Resolved Simulations(PRS)

can be used to develop submodels, which can be used for the analysis of dynamics
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Figure 2.15: Comparison of surface averaged temperature and carbon mass
flux(ṁc

′′)for Re = 10, 50 and 100 with and without radiation; Inflow gas com-
position was taken as YO2 = 0.233 and YH2O = 0.001 with Tin=1000K
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inside a packed bed reactor. Studying heat characteristics inside char particles

during combustion/gasification has been explored further in this thesis which is of

particular interest in catalytic fixed bed reactors.
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Chapter 3

Study of heat transfer and

species characteristics within

solids

3.1 Introduction

Study of particles in the previous chapter involved only the surface of the particle

without inclusion of heat transfer characteristics in the solid char particles. Studies

using simulations [58, 56] have attempted to the heat transfer characteristics within

fixed-bed reactors. These have aimed to resolved wall-particle and particle-particle

interactions. Calculations of Nusselt number and effective thermal conductivity were

the main subjects of interest in these studies. Szafran and Kmiec [90] customized the

governing equations using a UDF code into Fluent 6.1 to expand its abilities. Nusselt

and Sherwood numbers were calculated and were in agreement with theory. Guardo

et al. [91] also studied effect of free and forced convection using different fluids to

study the heat transfer characteristics within fixed bed reactors. However, none

of these studies have managed to account for the chemistry of species within the

reactor. Studies[4, 54, 92] attempting to study chemistry inside reactors have not

focused on heat transfer properties. Very few studies[52, 93] have taken both species

and energy along with the fluid dynamics within the reactor. Development of an

efficient 2-D model allows to study all these characteristics simultaneously. Hence,

this chapter aims at studying the heat transfer characteristics within the solids and

species characteristics as combustion and gasification progress within the channel,

while taking into account heat transfer in solid particles.
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3.2 Model Formulation

The geometry in this case is similar to that mentioned in the previous chapter.

However, in order to study the solid particles, the domain within the particles needed

to be meshed. We quickly highlight the model formulation and assumptions before

jumping on to the results.

A series of 10 solid particles with diameter,dp = 2 cm, are placed one behind

another in a single row with the main gas flow flowing around the row of particles.

The modeling configuration and the meshed grid are illustrated in Fig.3.1(a) and

Fig.3.1(b), respectively. The configuration is considered as axisymmetric. The solid

used here was graphite with specific heat of 710 J kg−1K−1, thermal conductivity of

0.2 W m−1K−1 and density of 1500 kg m−3.

(a)

(b)

Figure 3.1: Meshed domain of the geometry with solid particles

3.2.1 Assumptions

To proceed with the description of the mathematical CFD-based model, several as-

sumptions are introduced in order to solve the problem.

1. The consumption time of the particle is always large compared to the convec-

tive and diffusion time scales for the gas phase. Hence, pseudo-steady-state

apprach has been assumed.

2. The gas flow was treated as an incompressible ideal gas.

3. The representative element is considered to be axysymmetrical with a sym-

metrical gasflow.
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4. The porosity of the particles is not taken into account which results in neglect-

ing the intraparticle diffusion. The surface reaction model is used to simulate

the interaction between reacting solid surface and gas phase.

5. The particles consists of carbon only. In particular, the volatilization of the

particles is not included due to the steady-state character of the model.

6. The radiation of the gas phase is modeled using the P-1 model.

7. The buoyancy effect is neglected.

3.2.2 Governing Equations and Boundary Conditions

The governing equations and chemistry modeled for this configuration as explained

in Section 2.1.2 and Eqns. R1 - R7. It should be noted that, in this case, we balance

the heat transferred to the solid particle from the surface with the heat of heteroge-

neous reactions and loss due to radiation. The surface temperature of the particle

is calculated using this particular boundary condition(BC). The temperature inside

the particle is calculated using the energy conservation equation solved inside each

particle.

3.3 Results

The main objective of this study is to analyze the heat transfer due to conduction in

solid particles during combustion/gasification. Hence, a number of simulations were

performed at Reynolds number of Re = 10, 50 and 100 with inlet gas temperature

at 1000K. The composition of the inlet gas was taken as YO2 = 0.233 and YH2O =

0.001 to simulate combustion within the channel and YO2 = 0.11 and YH2O = 0.074

to simulate gasification within the channel.

3.3.1 Comparison of Particles and Solids

The results obtained from the simulations in this chapter were compared with that

performed in Chapter.2. ‘Particles’ denote the case with no heat transfer to the bulk

of the particle while ‘Solids’ involve heat conduction to the bulk of the particle from

the surface due to a gradient in temperature. Comparisons were made along the

axis and on the surface to study the temperature, mass fraction of CO2 and surface

deposition rate between both the models.

The axial temperature profiles were compared with and without heat transfer

in Fig.3.2 and maximum difference of 2.5% was noted for the peak temperatures at
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Re = 100. The profiles remain roughly the same for Re = 10 with a minute 1.9%

difference observed for Re = 50. Further, Fig.3.3 shows the comparison of CO2 on

the surface and along the axis. The peak CO2 = 0.295 remains the same along the

axis for both the solids and particles. However, there is a slight displacement in

the position downstream of the channel, as observed for solids in Fig.3.3(b). The

surface averaged YCO2 , also follows similar trend for both solids and particles at

every Reynolds number shown in Fig.3.3(a).

Fig.3.4 presents the surface averaged temperature and carbon mass flux at vary-

ing Reynolds number. We see that the temperature for solids seems to be lower than

particles as expected. This is due to additional heat transfer due to conduction in

solids leading to a decrease in the surface temperature. However, the decrease in

temperature varies with Reynolds number. We see that there is negligible change in

the temperature profile at Re = 10 and a moderate change at Re = 100. However,

temperature difference of 400K, amounting to ∼16% decrease is observed at Re =

50 for NP = 3, as seen in Fig.3.4(a). This also results in a sudden decrease in the

carbon mass flux for the same, which can be seen in Fig.3.4(b). Apart from this

reduction of 16.67%, the carbon mass flux essentially remains the same for at other

Reynolds number and particles.
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Figure 3.2: Comparison plots for axial temperature, with and without heat transfer
in solids, for Reynolds number, Re = 10, 50 and 100; “Particles” relates to the case
without heat transfer in solids, “Solids” relates to the case with heat transfer in
solids Tin=1000K with YO2=0.233 and YH2O=0.001 has been taken for this model
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Figure 3.3: Comparison plots for mass fraction of CO2 along the axis and on the
surfaces with and without heat transfer in solids, for Reynolds number, Re = 10,
50 and 100; “Particles” relates to the case without heat transfer in solids, “Solids”
relates to the case with heat transfer in solids Tin=1000K with YO2=0.233 and
YH2O=0.001 has been taken for this model
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eraged carbon mass flux(ṁ′′c ), with and without heat transfer in solids, for Reynolds
number, Re = 10, 50 and 100; “Particles” relates to the case without heat transfer
in solids, “Solids” relates to the case with heat transfer in solids; Tin=1000K with
YO2=0.233 and YH2O=0.001 has been taken for this model
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3.3.2 Combustion

This subsection presents the results obtained for the inlet gas composition of YO2

= 0.233 and YH2O = 0.001 entering the particle column at 1000K. The Reynolds

number was varied from 1 to 100 through 50. Radiation brings about similar changes

mentioned in the previous chapter. The first visible change is the extension of the

flame sheet further down the channel. The extension is more prominent in the case

of Re = 50 and Re = 100 as seen from Fig.3.5(a) and Fig.3.5(b) respectively. The

flame sheet extends from 3 to 5 particles for Re = 50 and 5 to 7 particles for Re =

100.

Fig.3.6 shows the CO contour profiles for all three Reynolds number with and

without radiation. From this figure, it can be observed that the flame sheet formed

during combustion in the channel prevents any further leakage into the channel due

to diffusion of CO and O2. The mass fraction of CO, YCO, beyond the flame sheet

is zero and is represented by the blue zone in the channel. This holds true for all

the cases of Reynolds number with and without radiation. Fig.3.6(a) shows that for

Re = 10, the YCO = 0.345 downstream of the channel which should have ideally

reacted with the incoming O2. However, due to the low flow rate of the inlet gas, the

O2 is not sufficient enough to reach the interior of the channel and ends up getting

consumed at the inlet itself. However, for Re = 50 and Re = 100, we have a much

faster incoming gas flow into the channel resulting in a higher trasnport within the

channel. This makes use of the high mass fraction of CO and results in a flame sheet

which mayb even extend upto to the 7th particle in the channel as can be seen in

Fig.3.6(c).

Fig.3.7 shows the temperature contour profiles within the channel including the

temperature of the particles for the three variations of Reynolds number with and

without radiation. The development of flame sheet increases the local temperature

within the channel which leads to rise in the temperature of particles in the local

vicinity of the flame sheet. Heat transfer due to radiation results in the decrease

of the particle temperature near the inlet of the particle column as shown in the

bottom subfigures of Fig.3.7(a), (b) and (c). This is due to the high difference in

temperature of gas phase and the solid phase evident in the cases without radiation.

The heat is transfered to the cold inlet gas enabling it to react with the CO further

down the channel, which leads to the local extension of the flame sheet as seen in

Fig.3.8.

The effect of radiation has further been highlighted in Fig.3.8 where the inlet gas

composition is YO2 = 0.233 & YH2O = 0.001 and Tin = 1000K. Fig.3.8(a) represents

the CO2 mass fraction along the axis for the case. The peak YCO2 = 0.295 for all
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.5: CO2 contour profiles for Tin=1000K with YO2=0.233 and YH2O=0.001;
The top subfigure in each case represents combustion without radiation and effect
of the P-1 radiation model is represented by the bottom subfigure
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.6: CO contour profiles for Tin=1000K with YO2=0.233 and YH2O=0.001;
The top subfigure in each case represents combustion without radiation and effect
of the P-1 radiation model is represented by the bottom subfigure
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.7: T contour profiles for Tin=1000K with YO2=0.233 and YH2O=0.001; The
top subfigure in each case represents combustion without radiation and effect of the
P-1 radiation model is represented by the bottom subfigure
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cases of Reynolds number with and without radiation. However, there is a shift in

the peak YCO2 position downstream of the channel with increasing Reynolds num-

ber. The introduction of P-1 radiation model furthers shifts the peak towards the

outlet of the channel. Fig.3.8(b) shows the development of the temperature along

the axis for varying Reynolds number with and without radiation. Similar to YCO2 ,

the peak temperature along the axis remains the same for varying Reynolds number

with a identical shift in the position. The P-1 radiation model brings interesting

changes in the axial temperature profile also. The peak temperature without radi-

ation reaches upto ∼3100 K at all Reynolds number, which decreases significantly

with the inclusion of the P-1 radiation model. We also observe an additional shift

in the position towards the outlet of the particle channel. The maximum decrease is

observed for Re = 10 of 25.04% and peak axial temperature of 2675 K at Re = 100.

This can be attributed to the fact that the cold inlet gas heats up due to radiation

at the entrance of the channel and hence, reacts downstream resulting in the rise of

ambient temperature. A high Reynolds number tends to be more affected by this

phenomena due to the higher gas transport as seen in Fig.3.8(b).

Furthermore, we also plot the particle surface characteristics in terms of carbon

mass flux and surface temperature to study the influence of Reynolds number and

radiation. Fig.3.9(a) corresponds to the surface averaged temperature of the char

particles. Without radiation, the temperature increases with Reynolds number and

decreases along the channel. However, introduction of the P-1 radiation model

decreases the temperature of the particle nearest to the inflow and increases the

temperature of the particles downstream due to an increased carbon mass flux. The

effect of radiation is computed to be the highest for Re = 100 with a decrease of

40.41% in the surface temperature at the inlet of the particle row. Fig.3.9(b) shows

the carbon mass flux at the particle surface for Re = 10, 50 and 100 representing

the cases with and without the P-1 radiation model. The mass flux is negative as

carbon is consumed from the char particles due to the heterogeneous reactions at

the surface. Without radiation, we see that the mass flux increases with increasing

Reynolds number due to an increase in the gas transport in the channel. Inclusion

of P-1 radiation model, however, leads to decrease in the mass flux from the surface

near the inlet(47.85% for Re = 100) which explains the drop of temperature as seen

earlier. As we move towards the interior of the channel, the mass flux increases due

to the enhanced reactivity of the heated inlet gas.

We also attempt to study the transport phenomena coupled with reaction ki-

netics in terms of the non-dimensional Damkohler number. The Damkohler number

for heterogeneous reaction, ReactionR3 is defined as the ratio of the reaction rate
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Figure 3.8: Comparison of the YCO2 and temperature profile along the axis for
Reynolds number, Re = 10, 50 and 100 at 1000K for cases with and without radia-
tion; YO2=0.233 and YH2O=0.001 is taken for the inlet gas
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Figure 3.9: Comparison of carbon mass flux and temperature on the particle surface
for Reynolds number, Re = 10, 50 and 100 at 1000K for cases with and without
radiation; YO2=0.233 and YH2O=0.001 is taken for the inlet gas
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to the mass transfer rate, refer [94, 2], is given by:

DaII =
kCO2

β
(3.1)

where ‘β’ is the mass transfer coefficient of the gas-solid interface. The transport

regimes can be deduced using the following criteria(refer [85]):

• DaII < 1: A kinetically controlled regime with a much slower chemical kinetic

rate compared to the mass transfer or diffusion rate.

• DaII > 1: A diffusion controlled regime with mass transfer rate quite slow

compared to the chemical kinetic rate.

• DaII ≈ 1: Comparable mass transfer and chemical kinetic rates.

We can define the mass transfer coefficient, β using the Sherwood number, ‘Sh’

given by the equation,

β =
ShDm

dp
(3.2)

where, ‘Sh’ is the Sherwood number, ‘Dm’ is the mass diffusivity and the dp

is the diameter of the particle. We also define, Lewis number as the ratio of the

thermal diffusivity and the mass diffusivity, given by:

Le =
α

Dm
(3.3)

where, ‘α’ is the thermal diffusivity. In order to characterize the fluid flow

withing the channel in terms of mass and thermal diffusivity, we studied the Lewis

number throughout the domain. This has been illustrated in Fig.3.10 which repre-

sents the Lewis number throughout the domain at Re = 10, 50 and 100. We can

conclude from the figures that the Lewis number remains ∼1 within the channel. It

should also be mentioned that for Le = 1,

Nu = Sh (3.4)

where ‘Nu’ is the Nusselt number. We use the above findings to plot DaII for

Reaction.R3 which is the dominating mechanism in the present case. The results

have been plotted in Fig.3.11 for each Reynolds number. The Damkohler number,

DaII always remains greater than 1 for Re = 10 which suggests that diffusion con-

trolled regime is the dominating phenomenon for this case. However, we see that

the regime is kinetically controlled for Re = 50 and 100 initially at the inlet of the
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bed. However, the regime remains within transition regime at the interior of the

channel.

In order to compare the surface temperature with the overall particle temper-

ature, illustrations were made in Fig.3.12. The overall temperature of the particle

remains lower than the particle temperature for all Re at the first particle, and

increases immediately for the second particle. As we proceed along the channel,

though the temperature difference decreases, the particle temperature continues to

be higher than the surface temperature. The highest difference of ∼185K was ob-

served at Re = 100 and NP = 4, as can been seen in the figure.

3.3.3 Gasification

This subsection presents the results for an inlet gas composition, where YO2 = 0.11

and YH2O = 0.074 which corresponds to a gasification atmosphere in an industrial

fixed bed gasifier. Simulations were performed at Tin = 1000K. The P-1 radiation

model was toggled to study the effect of radiation on gasification.

Fig.3.13 shows the CO2 contour profiles showcasing the effect of radiation during

gasification. There is a formation of a comparatively thicker flame sheet closer to

the particle surface. The maximum YCO2 of 0.162 is less compared to the case of

combustion where peak YCO2 = 0.312. This is due to low YO2 present in the inlet

gas which limits the Reaction R5. Radiation affects the flame sheet length similar

to that of combustion. Additionally, we find that for Re = 100, the flame sheet

extends upto the outlet of the channel, and the mass fraction of CO2 decreases as

we move from the inlet to the outlet of the particle column.

Fig.3.14 shows temperature profiles within the channel for different cases of

Reynolds number. The peak temperatures are much lower than those seen in the case

of combustion, as expected. For the case without radiation, the peak temperature

is ∼2030◦C much lower than ∼3120◦C. This is to be expected as YCO2 produced

is also limited in this case. Radiation tends to have the same effect as observed in

combustion, leading to a homogeneous temperature in the interior of the channel.

Fig.3.15 shows the comparison of mass fraction of CO2 and temperature along

the axis for the case with and without radiation for all the variants of Reynolds

number i.e. Re = 10, 50 and 100. We see that the YCO2 has a peak value of 0.137

for all cases. Shifts similar to that of combustion were observed here as well with

increase in Reynolds number, with additional shifts observed with the inclusion of

P-1 radiation model.

We also studied the evolution of surface temperature and carbon mass flux for the

individual particles with Reynolds number with and without radiation. Fig.3.16(a)
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.10: Contour profiles for Lewis number(Le) with YO2=0.233 and
YH2O=0.001; The P-1 radiation model has been considered for these cases
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Figure 3.12: Comparison of volume averaged particle temperature for Reynolds
number, Re = 10, 50 and 100 at 1000K for cases with radiation; YO2=0.233 and
YH2O=0.001 is taken for the inlet gas
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gives the plots for the development of the surface temperature(Ts) of the particles

in the column with Reynolds number. For the case without radiation, the surface

temperature increases with Reynolds number and decreases as we advance towards

the outlet. Radiation decreases the surface temperature near the inlet and increases

it towards the outlet, significantly in the case of Re 50 and Re 100. The maximum

drop in temperature was observed for Re = 100 of ∼ 20%. Similar results were

obtained for the carbon mass flux plotted in Fig.3.16(b).

55



(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.13: CO2 contour profiles for Tin=1000K with YO2=0.11 and YH2O=0.074;
The top subfigure in each case represents combustion without radiation and effect
of the P-1 radiation model is represented by the bottom subfigure
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.14: T contour profiles for Tin=1000K with YO2=0.11 and YH2O=0.074; The
top subfigure in each case represents combustion without radiation and effect of the
P-1 radiation model is represented by the bottom subfigure
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Figure 3.15: Comparison of the YCO2 and temperature profile along the axis for
Reynolds number, Re = 10, 50 and 100 at 1000K for cases with and without radia-
tion; YO2=0.11 and YH2O=0.074 is taken for the inlet gas
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radiation; YO2=0.11 and YH2O=0.074 is taken for the inlet gas
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3.3.4 Combustion vs Gasification

The previous sections discuss the effect of radiation and Reynolds number during

combustion and gasification inside the particle bed applicable to fixed beds. Com-

parison of the heat transfer and species characteristics between combustion and

gasification was also of interest to us to gain deeper insight into these processes.

As expected, the axial temperatures were much higher for combustion than gasi-

fication with a 35.31% spike in temperature obtained for Re = 100. The surface

averaged temperatures are shown in Fig.3.17 with a relatively low surface tem-

perature obtained for gasification. Fig.3.18 shows the carbon mass flux and axial

temperature profiles at Re = 10, 50 and 100 for combustion and gasification. The

carbon mass flux was found to be quite high for combustion at the inlet of the chan-

nel with a difference of ∼ 45% observed for Re = 100. However, the mass flux was

nearly the same towards the outlet of the channel as can be seen from Fig.3.18 (a).

Fig.3.19 shows the comparison of mass fraction of CO2 on the axis of the particle

bed and the surface of the particles. The peak YCO2 for dry air was found to be

0.295 while that for gasification was found to be 0.134. This remains same for all

cases of Reynolds number. The YCO2 doesn’t disapper at the outlet for Re = 10

but remains extremely low(∼ 10−5), due to the dominant Boudouard Reaction and

YO2 = 0. The surface averaged YCO2 is higher for gasification due to the increase in

the mass fraction of H2O by an enhanced reaction R4. The Lewis number in this

case was also ≈1 as shown in Fig.3.20.
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Figure 3.17: Comparison of surface averaged temperature for combustion and gasi-
fication at Reynolds number, Re = 10, 50 and 100 at 1000K
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Figure 3.18: Comparison of ṁc
′′ and axial temperature for combustion and gasifi-

cation at Reynolds number, Re = 10, 50 and 100 at 1000K
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 3.20: Contour profiles for Lewis number(Le) with YO2=0.11 and YH2O=0.074;
The P-1 radiation model has been considered for these cases

3.4 Summary

This chapter highlights the differences in the species and temperature characteristics,

using heat transfer in solids compared with particles, where heat transfer inside

solids is neglected. The chapter, then, also aims to study the characteristics of

combustion and gasification processes within particle beds. The results can be
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summarized as follows:

• Comparisons of the axial temperature between particles and solids generated

similar profiles with a maximum 2.5% difference in the peak temperature at Re

= 100, with solids to be around 2675 K while for particles, it was 2700K. The

peak mass fraction of CO2 was 0.295 and found to be same for the particles

and solids at all Reynolds number.

• Surface averaged temperature and carbon mass flux were found to be essen-

tially the same(small scale of decrease) between solids and particles at each

Reynolds number, except Re = 50 which saw an abrupt decrease in tempera-

ture at NP = 2.

• The peak YCO2 for dry air along the axis was found to be 0.295 while that

for gasification was found to be 0.134. The carbon mass flux was found to

be quite high for combustion at the inlet of the channel with a difference of

∼ 45% observed for Re = 100.

• Lewis number was found to be 1 for the domain and Damkohler number was

used to comment on the transport regimes for different Reynolds number.

• From an engineering point of view, the temperature of the particle is lower

at the start of the channel by 50 - 70 K during combustion. However, the

particle temperature inside the column is much higher as compared to the

surface temperature and goes up to a maximum value of 180 K for Re = 100.

• As an engineering relevance, it should be mentioned that YCO2 = 0.072 for

Re = 50 and YCO2 = 0.18 for Re = 100 at the end of the particle row

during combustion. This is suggestive of that fact that the Boudouard reaction

remains incomplete for these cases unlike Re = 10. This calls for the need of

a longer row of particles for Re = 50 and 100.
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Chapter 4

From non-spaced to spaced

4.1 Introduction

Our previous studies were aimed at studying chemically reacting partciles within

dense particulate media and understand the flow dynamics, heat trasfer charcteris-

tics and species properties applied to a fixed bed reactor. This led to some inter-

esting findings and conclusions as described in the previous chapters. This present

chapter is aimed at understanding the kinetics and heat transfer properties within

a fluidized bed reactor. Fluidized beds have been used for catalytic and gas-solid

reactions in the industial reactors for more than 50 years. Despite the longevity

of its use, the properties affecting the performance have been seldom understood.

As a number of uncertanities are associated with scale-up and modeling of moving

beds, CFD is a good tool for understanding the physical and chemical phenom-

ena occuring within the reactor. However, using CFD to predict the species and

heat transfer characteristics has received very little to negligible attention in litera-

ture. It is quite difficult to properly simulate a fluidized bed reactor as suggested by

works[95, 96, 97]. Researchers have attempted to understand the fluid flow dynamics

within a fluidized bed reactor[98, 95]. These studies aim at studying the bulk fluid

dynamics within the fludiized bed with focus upon the particle sizes present in the

gasifier and the drag models such as Syamlal–O’Brien, Gidaspow, and Wen–Yu drag

models. Zimmermann and Taghipour [99] used CFD to simulate flow dynamics and

species characteristics for fluid catalytic cracking within a fluidized gasifier. Drag

models suggested by Syamlal and O’Brien and Gidaspow were modified to correctly

simulate the bubbling phenomena. Similarly,Behjat et al. [100] attempted to study

the flow dynamics and heat transfer within the fluidized bed focussing on the bulk

chracteristics of the reactor. However, studying the flow, heat transfer and species
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characteristics within a small row of particles could provide valuable information

and understanding of such properties can be applied to fluidized beds.

4.2 Model Setup

An illustration of the reactor scheme is shown in Fig.4.1 and the principal scheme of

the computational domain has been represented in Fig.4.2. To attempt the study of

the conversion processes within fluidized beds, spacings were introduced between the

particles into our previous arrangement to portray the freely moving solid particles.

The spherical coal char particles with a diameter, dp = 0.02 m were placed in a row

with equal gaps between each other. The spacing of dp and 0.5dp has been taken to

study two different arrangements as shown in Fig.4.3 and Fig.4.4. The properties of

char particles are taken as: specific heat of 710 J/kg −K, thermal conductivity of

0.2 W/m−K and density of 1500 kg/m3. The study is performed for two different

composition of the inlet gas:- a) YO2 = 0.233 and YH2O = 0.001 and b) YO2 = 0.11

and YH2O = 0.074.
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Figure 4.1: Illustration of the reactor scheme[3]
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Figure 4.2: Representation of the principle scheme of the computational domain
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4.2.1 Assumptions

To proceed with the description of the mathematical CFD-based model, several as-

sumptions are introduced in order to solve the problem.

1. The consumption time of the particle is always large compared to the convec-

tive and diffusion time scales for the gas phase. Hence, pseudo-steady-state

apprach has been assumed.

2. The gas flow was treated as an incompressible ideal gas.

3. The representative element is considered to be axysymmetrical with a sym-

metrical gasflow.

4. The porosity of the particles is not taken into account which results in neglect-

ing the intraparticle diffusion. The surface reaction model is used to simulate

the interaction between reacting solid surface and gas phase.

5. The particles consists of carbon only. In particular, the volatilization of the

particles is not included due to the steady-state character of the model.

6. The radiation of the gas phase is modeled using the P-1 model.

7. The buoyancy effect is neglected.

4.2.2 Governing Equations and Boundary Conditions

The governing equations and chemistry modeled for this configuration as explained

in Section 2.1.2 and Eqns. R1 - R7.
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(a)

(b)

Figure 4.3: (a) Schematic representing the meshed computational domain, where
spacing between the particles = 0.5dp, (b) Zoomed-in view of the schematic illus-
trating the geometry of the domain;

(a)

(b)

Figure 4.4: (a)Schematic representing the meshed computational domain, where
spacing between the particles = dp, (b) Zoomed-in view of the schematic illustrating
the geometry of the domain;

4.3 Results

We tried to study of combustion and gasification inside a channel of spaced row of

particles(0.5dp and dp) and compared the species and heat transfer characteristics

for these models. The results have been divided into two sections:- Combustion:

YO2 = 0.233 and YH2O = 0.001 and Gasification: YO2 = 0.11 and YH2O = 0.074.

The fluid flow, energy and species characteristics were also plotted and compared

between combustion and gasification for both cases of particle spacings. Further,

illustrations have been made made to compare these results within non-spaced par-

ticle arrangements.
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4.3.1 Combustion

Fig.4.5 shows the comparison of the CO2 contours for two arrangements of particles

during combustion. Radiation was included in this study. We see that there is not

much difference in the contours for Re = 10 for the two arrangements. Though

the maximum YCO2 = 0.345 remains the same for all Reynolds number, we notice

differences in the contours for Re = 50 and Re = 100.

In the case of Re = 50 and 0.5dp spacing, the flame occupies most of the space

between the first two particles avoiding their surfaces. Between the second and third

particle, the flame is compratively weaker and moves out of the channel eventually.

The length of the flame in the channel is the same for both the spacings(0.5dp and

dp). For dp, as the space is much wider between the particles, the flame occupies

most of the gap due to availability of free space, O2 and CO between the particles.

The CO diffusing out from the particle surfaces from either side readily react with

the O2 from the inlet gas resulting in the thick flame formation in the gap between

the particles. A similar effect can be seen in the case of Re = 100 with a longer

flame sheet in the channel due to the increased transport of the inlet gas within the

channel.

Fig.4.6 represents the temperature contour profiles for the two different geome-

tries. The peak temperature remains the same for Re = 10 for both cases with simi-

lar temperature contours for the models. Increasing the Reynolds number results in

interesting chemical phenomena within the bed. We had observed in Chapter3 that

radiation has a significant impact on the temperature profiles with the channel. It

results in a decrease in the temperature of the particles located near the inlet, due to

transfer of heat due to radiation. This heat transfer heats up the cold inlet gas which

ends up reacting with the carbon particles in the interior of the channel resulting

in significant increase in the temperature downstream of the channel. However, we

do not observe that phenomena for Re = 50 for 0.5dp, but can be observed for Re

= 100. For the case of dp spacing, there is no such effect of P-1 radiation model.

Another interesting observation which can be made from contours of dp spacing is

that the peak temperature is limited to a small region within the flame sheet which

was observed for Fig.4.5(b) and (c).

We were interested to study the total temperature and mass fraction of CO2(YCO2)

along the axis for the non-spaced models studied in the previous chapter and the

spaced models in this chapter. Comparison plots of the axial temperature and YCO2

for different Reynolds number have been shown in Fig.4.7. There were quite a few

notable observations made as a result of this study. We start our discussion of these

results with mass fraction of CO2. We see that the peak YCO2 is higher for the
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 4.5: 2D contour plot representing CO2 for arrangement of particles with
‘0.5dp’ and ‘dp’ separation where YO2 = 0.233 and YH2O = 0.001 for the inlet gas;
P-1 radiation model was included in these simulations
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spaced models than that observed for the solid particles arrange without spaces.

The value is approximated to be 0.323 for the former and 0.295 for the latter, as

mentioned before. The right column of Fig.4.7 represents the comparison plots for

the axial temperature. We see that the peak temperature along the axis increases

with increase in spacing between particles, with a shift in the peak position down-

stream of the channel. The maximum increase was observed for Re = 10 of 25% in

the peak axial temperature between non-spaced and spaced simulations(dp).
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(a) Re 10

(b) Re 50

(c)Re 100

Figure 4.6: 2D contour plot representing temperature for arrangement of particles
with ‘0.5dp’ and ‘dp’ separation where YO2 = 0.233 and YH2O = 0.001 for the inlet
gas; P-1 radiation model was included in these simulations
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4.3.2 Gasification

This section presents the results for the spaced simulations in both the models

for an inlet composition, YO2 = 0.11 and YH2O = 0.074 at 1000K. This com-

monly represents a gasification ambience inside bed reactors. Fig.4.8 represents

the CO2 mass fraction contours for arrangement of particles with both the cases

of separation(0.5‘dp’ and ‘dp’). There is no continuous sheet visible for the Re =

10 for spacing of 0.5dp and a thin layer of the peak YCO2 is present very close to

the particle surface. For the case of Re = 50, the flame sheet is very close to the

surface of the particle and extends downstream of the channel. Towards the end,

we see a diffused zone of maximum CO2 without any definite flame sheet. There

is a formation of long flame sheet for Re = 100 which extends upto the end of the

channel.

For spacing of dp, we can see a very short flame sheet over the first particle

for Re = 10. The maximum YCO2 was found to be 0.182, which is quite less than

that found for dry-air gas inflow, YCO2 = 0.345, in both the cases. The flame sheet

is thicker than that observed during combustion. Fig.4.9 shows the temperature

contours obtained for the gasification reactions. We see that the temperature of the

gas flow on the leading side of the particle is much lower than the trailing side. This

is because of significant heat transfer to the cold inlet gas and there is not much air

flow in the gap between the particles. In both the cases of 0.5dp and dp, this effect

is limited to first three particles after which the temperature within the channel

becomes uniform towards the interior of the channel.

Fig.4.10 shows the comparison of the axial temperature and YCO2 for non-spaced

and spaced(0.5dp and dp) models during the gasification reactions. The peak YCO2

along the axis was 0.163 greater than that obtained for particle without spacings,

YCO2 = 0.142. The temperature along the axis brought out some interesting con-

clusions for this case. For Re = 10, the peak temperature for dp spacing was 2000K

was much higher than 0.5dp. For fixed beds, the peak was around 1700K which is

17.6% lower than the peak temperature observed for dp spaced results.

These results when applied to fixed and fluidized beds suggest that heat transfer

inside a fluidized bed is much better than that for a fixed bed and the mass fraction

of CO2 is also observed to be higher for both cases of combustion and gasification

within a fluidized bed.
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Figure 4.7: Comparison of the axial temperature and YCO2 for non-spaced and
spaced(0.5dp and dp) models. The composition of the inlet gas was taken as YO2 =
0.233 and YH2O = 0.001 and Tin = 1000K; P-1 radiation model was included in
these simulations
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4.3.3 Combustion vs Gasification

Fig.4.11 illustrates the comparisons of carbon mass flux and surface averaged tem-

perature at different Reynolds number for both 0.5dp and dp spaced beds during

combustion and gasification. The column on the left represents the model with

0.5dp spacing while that on the right represents the case with dp spacing. Fig.4.11(a)

shows the carbon mass flux for the participating solid particles with spacing of 0.5dp.

As expected, the carbon mass flux is found to be minimum for Re = 10 and maxi-

mum for Re = 100. The carbon mass flux decreases as we move downstream of the

channel for Re = 10 and Re = 50. However, for Re = 100 increases till the thrid

particle and then gradually decreases till the outlet of the channel. The result of

this effect can be seen in Fig.4.11(c), where the surface averaged temperature for the

solid particle is the minimum near the inlet of the channel. We see that the effect

of the P-1 radiation model is prominent in the case of Re = 100. The temperature

drops significantly near the inlet and then increases downstream, which is a known

phenomena.

However, for gasification, there is no observed effect of radiation and the carbon

mass flux is quite low compared to the combustion, as seen in Fig.4.11(b). The

carbon mass flux was observed to be higher for the dp spaced beds and radiation

did not lead to a decrease in the carbon mass flux at the inlet of the channel. The

carbon mass flux followed a steady trend, i.e., it increases with Reynolds number and

decreases along the channel. Similarly, the particle temperature increases with the

Reynolds number and decreases as move downstream of the channel, as illustrated

in Fig.4.11(d).
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(a) Re 10

(b) Re 50

(c) Re 100

Figure 4.8: 2D contour plot representing CO2 for arrangement of particles with
‘0.5dp’ and ‘dp’ separation where YO2 = 0.11 and YH2O = 0.074 for the inlet gas;
P-1 radiation model was included in these simulations
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(a) Re 10

(b) Re 50

(c)Re 100

Figure 4.9: 2D contour plot representing temperature for arrangement of particles
with ‘0.5dp’ and ‘dp’ separation where YO2 = 0.11 and YH2O = 0.074 for the inlet
gas; P-1 radiation model was included in these simulations
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Figure 4.10: Comparison of the axial temperature and YCO2 for non-spaced and
spaced(0.5dp and dp) models. The composition of the inlet gas was taken as YO2 =
0.11 and YH2O = 0.074 and Tin = 1000K; P-1 radiation model was included in these
simulations
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Figure 4.11: Comparison plot for carbon mass flux, surface temperature and mass
fraction of CO2 on the surface of reacting char particles during combustion and
gasification. This case accounts for models with spacing of ‘0.5dp’ in the left column
and ‘dp’ in the right column between the particles
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4.4 Summary

This chapter attempted to study the heat transfer, fluid flow and species character-

istics within spaced beds of particles, applicable to fluidized bed reactors. Recent

studies have concentrated their focus on the bulk properties of the reactor with a

few studies based on the particle resolved simulations. Keeping this mind, we per-

formed simulations using a 2D geometry, which was modified to take into account

for the free moving particles within a fluidized bed. Combustion and gasification

processes were studied and distances between the particles were kept at 0.5dp and

dp. The results can be summarized as follows:-

• During combustion, the peak YCO2 was observed to be 0.323 for spaced simu-

lations which was definitely higher than that observed for fixed beds of 0.295.

Also, we noted a huge increase of 15 - 25% in the peak axial temperature for

fluidized beds at different Reynolds number.

• The peak YCO2 along the axis was 0.163 and a 15% maximum increase in the

peak temperature was observed at Re = 10.

• The flame penetration is much less for fluidized reactor beds as compared to

fixed beds.

• As an engineering relevance, it should be noted that the mass flux of carbon

from the surface decreases by 5× 10−3 kg/m2−s at the exit of the particle

row during combustion, for all cases of Reynolds number for a higher spacing.

However, the carbon mass flux decreases by only 1× 10−3 kg/m2−s during

gasification.

• From an engineering point of view, it can be said that the surface tempera-

ture of the particle along the column observes a maximum change of 50 K in

fluidized reactor beds within a length of 5 particles.

It was, hence, concluded that fluidized bed reactors have a higher heat trans-

fer and species characteristics compared to fixed beds due to presence of spacing

between the particles. Fixed bed creates dead zones between the particles which

constrain the entry or flow of the inlet gas into these zones. Hence, there is a

restricted increase in YCO2 and temperature between the particles.
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Chapter 5

Conclusions

This work attempts to develop a 2D model to approximate a 3D model of a fixed bed

gasifier in order to save computational time and resources for future simulations.

Comparisons were made during combustion at Tin − 1000K and composition of the

inlet gas was taken to be:-(i) YO2 = 0.233 and YH2O = 0.001 during combustion and

YO2 = 0.11 and YH2O = 0.0074 during gasification. Our findings states:-

• Comparisons were made between the 2D and 3D models during combustion

at Tin−1000K and composition of the inlet gas was taken as YO2 = 0.233 and

YH2O = 0.001.

– The velocity profiles for the two models were in very good agreement

with each other with a maximum difference of 8.33% for cold run.

– Axial YCO2 and temperature were also compared for the two models and

plots showed excellent agreement with a maximum difference 7.46 % be-

tween the peak temperatures.

– YCO2 between the 2D and 3D model was found to be minimal with a

maximum difference of 5.82% observed at Re = 50.

– This model can be used reliably and robustly to study fixed bed gasi-

fiers in replacement to the 3D model. This can save a huge amount of

computational resources and time.

• Inclusion of heat transfer in solids in the above simulations was performed and

discussed as follows:

– Axial temperature generated similar profiles with a maximum 2.5% dif-

ference in the peak temperature at Re = 100.
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– The peak mass fraction of CO2 was 0.295 and found to be same for the

particles and solids at all Reynolds number

– Surface averaged temperature and carbon mass flux were found to be

essentially the same(small scale of decrease) between solids and particles

at each Reynolds number.

– Lewis number was found to be 1 for the domain and Damkohler number

was used to comment on the transport regimes for different Reynolds

number.

– From an engineering point of view, the temperature of the particle is lower

at the start of the channel by 50 - 70 K during combustion. However,

the particle temperature inside the column is much higher as compared

to the surface temperature and goes up to a maximum value of 180 K for

Re = 100.

• Inspired by fluidized bed, we attempted to study fluidized bed gasifiers using

a modified version of the 2-D geometry. Spacings were introduced into the

row of particles to account for the freely moving char particles. We see that:-

– During combustion, the peak YCO2 was observed to be 0.323 for spaced

simulations which was definitely higher than that observed for fixed beds

of 0.295.

– A huge increase of ≈ 15 - 25% in the peak axial temperature was observed

at different Reynolds number.

– The peak YCO2 along the axis was 0.163 and a 15% maximum increase

in the peak temperature was observed at Re = 10 during gasification.

– It was noted that fluidized bed reactors have a higher temperature and

CO2 mass fraction compared to fixed beds due to spacing between the

particles.

– As an engineering relevance, it should be noted that the mass flux of

carbon from the surface decreases by 5× 10−3 kg/m2−s at the exit of

the particle row during combustion, for all cases of Reynolds number

for a higher spacing. However, the carbon mass flux decreases by only

1× 10−3 kg/m2−s during gasification.
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