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Abstract

Entrained flow coal reactors can process higher mass throughputs and generate
greater char conversions compared to their fluidized- and fixed-bed counterparts.
The entrained flow reactor is an integral part of the Integrated Gasification
Combined Cycle and Pressurized Oxy-Coal Combustion plants with carbon
capture and sequestration, which are promising technologies to mitigate the
levels of CO, emissions into the atmosphere. The flow inside an entrained flow
reactor is highly turbulent, coupled, multiphase and reacting. Consequently,
even after several years of investigations, there are many gaps in our
understanding of the physico-chemical processes occurring in these reactors that
need to be resolved for selecting the optimal operating conditions. However,
conducting experiments across the relevant range of operating conditions in such
reactors would be uneconomical. Therefore, in the present thesis, CFD modelling
is undertaken for investigating the lab-scale and pilot-scale entrained flow coal
reactors.

Firstly, an appropriate turbulence model is investigated to simulate the
multiphase reacting flow inside the single swirl burner (SSB) entrained flow
Pusan University 16 KWth lab-scale furnace. The furnace is cofired using
pulverized bituminous coal and liquified petroleum gas and is operated in both
un-staged and air-staged conditions. The investigation shows that the shear
stress transport (SST) k—w model and its variant with low-Re correction predict
the profiles of temperature and species concentrations reasonably well, but
significantly underpredict the temperature in the furnace core at axial locations
away from the burner. On the other hand, the Transition SST k—w model provides
better overall congruency with the measured temperature and species
concentrations when compared with the other used turbulence models.
Therefore, using the Transition SST k-w turbulence model, a comprehensive
model is developed for the SSB furnace, which is further used to investigate the
effect of coal particle size on the central recirculation zone (CRZ) formed inside

the reactor. It is observed that a decrease of nearly 50% in the coal sample size
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results in an increase of the CRZ length by 82.6% in the investigated reactor.

Next, a computational model is developed to simulate reacting environment
inside the pilot-scale, tangentially-fired, Mitsubishi Heavy Industry entrained-
flow coal gasifier. Using this comprehensive model, the impact of three operating
parameters, namely, swirl number (SN), reactor pressure and mass throughput
on the gasifier flow field and coal gasification process is investigated. It is
demonstrated that for given values of any two of these parameters, it requires a
threshold value of the third parameter to form the CRZ, the absence of which
lowers char conversion. Therefore, a modified SN incorporating the combined
effect of conventional SN, reactor pressure and mass throughput on the onset of
CRZ formation is proposed as a general CRZ formation criterion for tangentially-
fired gasifiers. Furthermore, the impact of variation in reactor pressure and mass
throughput on char conversion is shown to be mediated through the
corresponding change in particle residence time and pressure effect on kinetics.
The results demonstrate that the operating parameters interact in a complex state
space that governs the gasifier flow physics and optimal operation.

In addition to these operating parameters, the effect of pulverized coal
particle size on the two-phase flow field of the Mitsubishi Heavy Industry
gasifier is investigated. It is observed that the length of CRZ formed in the
gasifier flow increases with the mean size of the injected coal particles. The CRZ
lengths are 5.6, 4.5 & 2.1 m, respectively, for the cases with particle size
distributions (PSDs) having mass mean diameters of 80, 40 & 20 um. The generic
swirl number, SN, captures this impact of particle size on the flow field. The SN,
monotonically decays along the flow and the CRZ across all the investigated
cases in tangentially-fired gasifier terminates at an axial location where this SN
drops to a value in the range of 0.10-0.12.

To conclude, the present work yields substantial insights on the impact of
operating conditions on the two-phase flow field inside entrained flow coal
reactors. Broader parametric studies on a range of reactor designs and operating

conditions would be required for generalization of these insights.
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change in mass of coal particle due to moisture vaporization (kg)
char particle diameter just after devolatilization (m)

particle diameter (m)
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Nomenclature | xvi
activation energy in Arrhenius kinetics (J/k-mol)
emission of particles (W/m?)
net irradiation at the location of particle (kg/s®)
enthalpy of char reaction with species i (J/kg)
heat transfer coefficient between particle and gas (W/m?-K)
radiation intensity (W/m?2-sr)
turbulent kinetic energy (m?/s?)

ash-film diffusion rate constant

char consumption rate due to pure diffusion

char consumption rate due to pure kinetics

length of central recirculation zone for injection angle ‘¢’
length of central recirculation zone

reattachment length

total mass throughput (kg/s)

mass of char in coal particle just after devolatilization (kg)
mass of particle (kg)

Nusselt Number

refractive index of fluid

partial pressure of species i (atm)

Prandtl number

turbulent Prandtl number

total pressure (atm)

time averaged pressure (Pa)

energy source due to char surface reactions (J/s)

particle Reynolds number

local turbulent Reynolds number

position vector

radius of char particle just after devolatilization (m)

turbulent Schmidt number
energy source term due to homogenous reactions (J/s)
source term of species i due to homogenous reactions.

swirl number
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Nomenclature | xvii

conventional swirl number
modified swirl number based on operating pressure
modified swirl number based on reactor gauge pressure

interphase exchange terms for mass, momentum, enthalpy, and
species.

radiation source term (J/s)
direction vector
scattering direction vector

specific total surface area of char just after devolatilization
(em?/g)

gas-phase temperature

turbulent fluctuation in temperature (K)
Favre-averaged fluid temperature (K)
particle temperature (K)

turbulent fluctuations in fluid velocity (m/s)

Favre-averaged fluid velocity (m/s)
particle velocity (m/s)

fractional char conversion
turbulent fluctuation in mass fraction

Favre-averaged mass fraction for species i

equivalence ratio

thermal conductivity of fluid (W/m-K)
specific turbulence dissipation rate (s™)
turbulence dissipation rate (m?/s®)
voidage of ash layer

particle emissivity

fluid viscosity (kg/m-s)

turbulent viscosity (kg/m-s)
Stefan-Boltzmann constant (W/m?-K*)
scattering coefficient of fluid (m™)
particle scattering factor (m™)

density of fluid (kg/m?)
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time averaged density (kg/m?®)
density of particle (kg/m?)
solid angle (sr)

phase function

temperature exponent in Arrhenius kinetics

structure parameter for char

damping coefficient in turbulent viscosity for low-Re SST k — w
model



