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ABSTRACT

Oxy-fuel combustion processes are promising technologies for power generation that allow
CO» recovery and sequestration using essentially conventional equipment. Although oxy-fuel
combustion has been well researched over the years, there are fundamental issues related to the
associated ash deposition processes and their subsequent impact on radiative heat transfer that need
to be understood before oxy-fuel combustion can be fully scaled up to a commercial scale. Ash
formation and deposition is a complex physio-chemical process consisting of: vaporization,
condensation, melting, fragmentation, nucleation and coagulation of the mineral matter and
organically bound metals in the parent fuel that results in a distinct tri-modal distribution of the
ash particles within the combustor. Recent experimental evidence from the University of Utah has
shown that a correlation exists between the rate of deposition of the tightly bound “inner” ash
deposit layer adjacent to the heat transfer surfaces (which is difficult to remove) and the
concentrations of the submicron aerosols in the flue gas. However, predicting these time-
dependent particle size distribution characteristics during combustion as the parent fuel transitions
to ash using the commonly employed Lagrangian tracking based particle simulation methodologies
in Computational Fluid Dynamics (CFD) frameworks is extremely challenging. Further,
Lagrangian tracking methods assume isotropic turbulence near the walls (that can impact
deposition characteristics) as well as optically thin radiative losses from particles and exhibit low
parallelization efficiencies. On the other hand, Eulerian particle tracking methods, like the

population balance framework, are more amenable to capturing the nucleation, fragmentation and

Xviil



coagulation characteristics of ash. In addition, near-wall turbulence characteristics and radiative
heat losses can potentially be modeled more rigorously. The overall goal of the research reported
in this thesis was to examine the oxy-fuel combustion simulation characteristics of two multiphase
modeling frameworks (Lagrangian and Euler-Euler) with the goal of evaluating their potential to
simulate ash formation and deposition processes. Consistent and identical phenomenological laws
for the interphase interactions were utilized across all three frameworks by implementing user-
defined (add-on) subroutines to model the diffusional and kinetic resistances associated with the
heterogeneous char oxidation, non-grey effects of gas radiation and the variations in the radiative
properties of the solid phase during combustion. Prediction accuracies of the different frameworks
were assessed by comparisons against measurements of: (1) flame stand-off, (2) temperature and
velocity at different axial locations, (3) radiative heat transfer and (4) ash deposition rates of a non-
swirling and a swirling oxy-coal flames (burning an Utah Bituminous and Sub-Bituminous coal,

respectively) carried out at the University of Utah.

Only the Euler-Euler model was able to capture the experimental observed trends for flame
stand-off as a function of oxygen concentration in the primary burner. Non-swirling flame
temperature and velocity predictions were in reasonable agreement with measurements across both
multiphase modeling frameworks. Swirling flame temperature and velocity predictions were not
in reasonable agreement with measurements. Radiation was the dominant mode of heat transfer
with the radiative heat loss fraction (Radiative heat loss/Total chemical heat release) determined
to be 0.6 for both non-swirling flames and 0.7-0.9 for both swirling flames. Radiation from the
participating gases accounted for 75% of the radiative heat transfer. The incident radiative flux
predictions were in good agreement with measured values from similar flames in this furnace. The

predicted relative concentrations of the submicron aerosols in flue gas in two flames (Oxy27 and

Xix



Oxy70) were in reasonable agreement with measurements for the Oxy27 flame but not the Oxy70

flame.

XX



CHAPTER 1

INTRODUCTION
1.1.  Motivation

Oxy-fuel combustion processes represent a promising suite of technologies for power
generation with CO> capture using essentially conventional equipment. In oxy-fuel combustion, a
fuel (e.g. coal) is oxidized using O2 without nitrogen as the primary diluent. Most commonly, O>
is generated in an oxygen/nitrogen separation system and blended with recycled flue gas in order
to control the temperature in the combustion zone of the boiler. By removing the nitrogen prior to
combustion, a nearly pure CO> gas stream is produced which can be more easily captured and
reused or sequestered prior to emission. This technology also has the potential to reduce the cost
of other commonly used pollutant emission control technologies such as those to abate the
emission of NOx [1].

As noted by Chen et al., although oxy fuel combustion for coal and coal/biomass systems
are well researched, both by experimentation and modeling, there are notable challenges that still
need to be overcome before oxy-fuel combustion can be fully scaled up to a commercial scale [2].
Chen et al. divides these challenges into three fundamental issues that remain uninvestigated: oxy-
coal system design issues, large scale demonstration, and computational fluid dynamic (CFD)
modeling of oxy-coal combustion issues [2]. Of these fundamental issues, the research herein
provides advancements in the third of these areas, specifically the use of CFD modeling for
characterizing flame stability, further characterizing ash deposition (building a framework to
determine ash deposit growth rate with respect to time) and determining the impact of radiative

heat transfer in oxy-fuel combustion environments.



The University of Utah has completed multiple experimental studies of oxy-fuel
combustion scenarios in their downflow laboratory combustor (oxyfuel furnace or OFC). Two of
these studies were chosen as the target of research for this thesis: a non-swirling oxy-coal flame
stand-off study and a swirling oxy-coal flame ash deposition study.

Dispersed, multiphase flows, like those modeled in this thesis, can be modeled in differing
frameworks (see Chapter 4). Currently, most CFD simulations of particle combustion utilize a
Lagrangian tracking method for the particle phase while employing an Eulerian framework for the
fluid phase. This is known as the Euler-Lagrange approach. While this approach has been well-
established, in the context of ash deposition modeling, it has some shortcomings including an
inability to model particle break-up/fragmentation, coagulation, and the assumption of isotropic
turbulence assumption near the walls. To alleviate these shortcomings, a few studies have explored
the utilization of an Euler-Euler approach. While being more rigorous in overcoming the
aforementioned modeling limitations, this approach has difficulty in converging simulations when
employed in a steady-state fashion. The analyses in this thesis were completed from a fresh
perspective by using two multiphase hydrodynamic frameworks, Euler-Lagrange and Euler-Euler,
to explore the oxy-fuel combustion characteristics. This is the first work that we are aware of that
rigorously assesses the efficacies of the different modeling frameworks through comparisons
against experimental measurements.

1.2.  Objectives

The focus of this research was to assess the prediction accuracies of the three multiphase
modeling methodologies by utilizing consistent and identical phenomenological laws for the
interphase interactions across all three frameworks. Comparisons were made against experimental

measurements of: flame stand-off distance as a function of primary oxygen concentration, radiative



heat fluxes, axial temperatures and velocities, and ash deposition rates. Additionally, the individual
contributions of particle, gas and wall to the radiative fluxes during oxy-fuel combustion were
quantified.

The overall goal of these objectives was to properly describe oxy-fuel combustion
environments and establish a framework to predict the growth of ash deposit with time. Accurately
characterizing: (1) particle size distribution, (2) particle composition, and (3) wall emissivities
throughout the furnace were all seen as key players impacting ash deposition rates and wall

radiative fluxes.

1.3.  Thesis Outline

This thesis utilizes experimental measurements from two distinct oxy-fuel combustion
campaigns carried out at the University of Utah. The first campaign utilized a non-swirling burner
(burning an Utah Bituminous coal as fuel) and was aimed at studying flame stand-off while the
second study utilized a swirling burner (burning an Utah Sub-Bituminous coal as fuel) with the
aim of studying ash deposition rates. In this chapter, the motivation behind this thesis was
presented. Chapter 2 provides an overview of ash deposition mechanisms and their subsequent
impacts. Chapter 3 outlines various multiphase modeling frameworks in detail. Chapter 4 presents
the project overview, methods, and results from the non-swirling oxy-coal combustion study.
Chapter 5 presents the project overview, methods, and results from the swirling oxy-coal
combustion study. Finally, Chapter 6 examines the conclusions of the thesis and provides a

detailed description of future work.



CHAPTER 2

ASH DEPOSITION: MECHANISMS AND IMPACTS

2.1.  Ash Deposition in Coal and Coal/Biomass Systems
Ash deposition in coal systems during combustion processes has a number of

consequences:

1. A reduction in the thermal efficiency of a furnace [3],

2. Affects upon the integrity of the boiler/boiler tubes due to corrosion/erosion [3],

3. Increases in the frequency of power plant shutdowns for maintenance and/or cleaning,
and

4. Increases in soot-blowing requirements [4].

Understanding ash deposition mechanisms is critical in understanding how to model ash
deposition. Essentially, the net rate of deposition depends on three criteria: ash particle formation,
the rate of transport of particles to the heat transfer surface area, and the particles’ propensity to

‘stick’ to the surface once they reach it [5].

2.1.1 Ash Particle Formation

Ash particle formation is directly related to the mineral content within the coal and the
pathways the mineral content takes to form ash. There are three conditions related to mineral
content which affects ash formation: nature/distribution mode of minerals/trace elements (TEs),
the mineral form, and the mineral particle size distribution (PSD) [6]. There are three distribution
modes of minerals/TEs in the coal: organically associated material (incorporated into the organic

structure of the coal), inclusions, or exclusions [7]. Figure 2.1 shows a pictorial difference between
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each of these regimes. TEs in each of these regimes will experience different conditions, detailed
below, that will affect vaporization [7].

Organically-

pegociated elements
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Figure 2.1: Inorganic constituents in the coal matrix and their occurrence [4].

Organically associated minerals/TEs are organic compounds with inorganic elements;
these minerals are typically composed of K*, Na*, Ca*", Mg?*, Fe**, and AI** [4, 7]. There are two
reasons organically associated TEs are released into the vapor phase: bond cleavage during carbon
oxidation and the very high temperature microenvironment that is strongly reducing [8].

Mineral inclusions are contained within the coal matrix. TEs located within mineral
inclusions are associated with a specific mineralogical matrix, primarily pyrite, mono- and di-
sulfides, carbonates, and various alumina-silica minerals [7]. The inorganic mineral content in coal
varies depending on the region/mine it is acquired from but are primarily composed of Na, Mg,
AL Si, P, S, Cl, K, Ca, Ti, Mn, Fe, and Zn [9, 10]. TEs in mineral inclusions are surrounded by the
burning carbon matrix, which may interact with the TEs as included minerals begin to melt
allowing volatile and semi-volatile TEs to vaporize [8, 11]. The high temperature
microenvironment inclusions are exposed to will commonly be reducing due to the rapid
consumption of oxygen by the surrounding carbon oxidation [7]. Excluded minerals in forms

similar to included minerals will be exposed to lower temperatures and a more neutral/oxidizing



environment [8]. James et al. showed TE release is proportional to the elemental concentration in
the original inclusions and excluded pyritic minerals as well as the temperature profiles of the
related coal particles and their respective initial sizes [12].

Mineral matter form affects how well the minerals are vaporized. Kleinhans et al. points
out that most minerals within the coal matrix are in their crystalline form, with few in their
amorphous phases [4]. Gupta et al. provides examples of how mineral matter mode of occurrence
can affect vaporization. For example, silica can take the form of quartz, illite, and kaolinite. In the
form of quartz, it is relatively least reactive, but in the form of illite, it will coalesce with other
minerals rapidly [6]. Similarly, calcium illite and magnesium illite will react rapidly, but while in
calcite and ankerite forms, they increase the viscosity of the molten phase by large mineral grain
fragmentation [13].

Gupta et al. shows that the mineral PSD affects evaporation; intuitively, large mineral
grains are less reactive than smaller gains since the center of the larger mineral grain will not
participate in the ash reactions [6].

When a fuel containing mineral matter/TEs/organically bound elements is burned,
inorganic matter will either vaporize within or near the burning fuel particle or will melt and
coalesce to form larger particles that are released as the residual char is fragmented [4]. There are
several physical transformation pathways these inorganic minerals can take during this

devolatilization and char conversion process as presented in Figure 2.2.
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Figure 2.2: Major physical transformations of ash components during combustion [14].

Notable work on coal ash fine-fragmentation mode mechanisms, summarized here, has
been generated by my co-advisor Dr. Seames and his colleagues. Jassim et al. investigated the
influence of fragmentation on pyrite particle thermal history and sulfur release rate [15]. They
concluded that fragmentation produces smaller particles which heat up faster (allowing particles
to reach their melting point faster), undergo more rapid oxidation, and release sulfur more quickly
[15]. Fix et al. investigated the effect of oxygen-to-fuel stoichiometry (OFS) and combustion
temperature on coal ash fine-fragmentation mode formation mechanisms [16, 17]. They reported
that a larger coarse ash particle mode seems to be unaffected by the OFS while, for the smaller
ultrafine ash particle mode, a 1.05 OFS ratio lowered the fraction of ultrafine ash when compared
to the 1.20 and 1.35 OFS ratios; a 1.05 OFS ratio appeared to increase the portion of the fine-
fragmentation mode [16]. Also, based on a detailed qualitative analysis of fine fragmentation mode
ash particles, they concluded that formation mechanisms may depend upon peek combustion

temperature [17]. In an initial study of the fine fragmentation fly ash particle mode, Seames found
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that the fine fragmentation region appears to be more reactive with oxy-anion trace elements than
the supermicron fly ash region indicating that the fine fragmentation region may be important in
the partitioning of semi-volatile trace elements [18].

Depending on the fuel type, most of the inorganic minerals will vaporize while the
remaining inorganic minerals will decompose, transform to ash, melt, and coalesce [4].

Vaporized inorganic minerals, depending on their volatility, will nucleate and coagulate to
form ash particle, condensate onto ash particles, or remain the gas phase reacting into less volatile
forms. For example, mineral elements in coal, such as Na, K, S, are highly evaporable while some
of them have low volatility, such as Si, Al, Fe, Ca and Mg [9]. Vaporized metals, depending on
their volatility and concentration when compared to saturation, can oxidize, nucleate, condense, or
be absorbed onto particles both in the micro-environment surrounding the burning fuel and in the
macro-environment of the combustion zone [19]. It was observed experimentally that during the
vaporization and condensation portion of the ash formation process, inorganic, refractory oxides
like Si02, CaO, MgO, and Fe»>Os3 are large contributors to the amount of submicron ash generated
[20-22]. Additionally, KCI, K2SO4, and K>O-SiO, were noted the main inorganic minerals
generated during the combustion of biomass [23].

Additionally, the formation process is influenced by the combustion environment (i.e. air

firing as opposed to oxy-combusiton) [6].

2.1.2  Ash Particle Transport

Particle transport is indirectly related to the particle (mineral) size distribution [6]. Two
major mechanisms define the transport of the particles: inertial impaction and thermophoresis [24].
Other notable mechanisms that define the transport of the particle include adsorption,

condensation, surface reactions, Fick’s diffusion (vapors) and eddy deposition.
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Figure 2.3: Ash deposition mechanisms on a superheater tube [4].

Inertial impaction of fragmentation mode particles is a process that depends on the local
aerodynamics in the region of the heat transfer surface area, target geometry, and particle size and
density. Thus, inertial impaction mainly affects the larger ash particles [9, 25]. This mode of
transportation is considered the dominant ash deposition mechanism due to its quick deposit build
up on superheater tubes [4]. Inertial impaction rate is positively correlated with the stokes number
which is the ratio of the characteristic time of a particle to come to rest when injected into a stagnant
fluid to a characteristic time of the flow to pass over a distance equal to the tube radius [26]. The

stokes number is defined by equation 2.1:

2
Stle = 22&te y, 2.1)

ugdc

where p,, is particle density, d,, is particle diameter, wu,, is particle velocity, p, is gas viscosity, d,.
is tube diameter, and 1 is a correction factor for particles that disobey Stokes’ law.
Thermophoresis affects intermediate sized particles (particle sizes less than 10 microns)

and is due to the macroscopic temperature gradient between the particle and the heat transfer



surface area. This force acts from the hot gas towards the cold gas essentially drawing particles
closer to the superheater tubes [4]. Intuitively, thermophoresis would be less effective once large
ash deposits are in place due largely to a lower temperature gradient [9].

Adsorption of TEs to particle surfaces of inorganic compound occurs in the gas phase.

Condensation of inorganic vapors, as Kleinhans et al. defines it, occurs during cooling
when the flue gas is supersaturated, and gas temperature falls beneath the vapor dew point [4].

Surface reactions of inorganic vapors is yet another contributing ash deposition
mechanism. The most influential of these surface reactions are sulfation, alkali absorption,
oxidation, reduction, and carbonation [4, 27].

Eddy deposition, as shown in Figure 1.3, transfers ash particles to the tube surface via
turbulent eddies. This ash deposition mechanism has a much larger effect on bringing smaller
particles to the tube surface than inertial impaction [9].

Fick’s diffusion is a concentration gradient force for inorganic vapors to reach the tube

surface [24].

2.1.3 Ash Particle Stickiness

Particle stickiness has a direct relationship between the particle properties and the targeted
tube/wall surface. Kleinhans et al. briefly summarizes factors that influence particle stickiness [4]:

1. Particle properties (i.e. melt fraction, viscosity, surface tension, etc...)

2. Particle kinetic energy

3. Particle shape

4. Particle surface roughness

5. Angle of impaction

6. Surface roughness
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7. Surface geometry
8. Surface properties (i.e. melt fraction, viscosity, surface tension, etc...)

9. Forces between particles and surface (i.e. van der Waals forces, etc...)

2.2.  Ash Deposition Modeling

Computational Fluid Dynamics (CFD) methodologies are currently utilized to predict the
performance of boilers and to help operators and engineers anticipate and resolve ash-related
problems [24, 28]. Currently, CFD-codes detect boiler areas susceptible to ash deposit formation
by relating the location of the ash particles to the deposition surface [29]. In order to compute the
arrival rate of the ash particles to the deposition surface, the localized flow near the surface must
be characterized in great detail [29]. Weber et al. [29] suggest that by combining CFD-predictions
with an advance fuel characterization, ash depositions issues can be resolved.

Cai et al. [30] has performed an extensive review of ash formation and deposition in coal
and biomass boilers tabulating up to date experimental, simulated, and mechanical work done on
these topics. Of these works, Table 2.1 displays some notable publications in which CFD
computations have been used to model ash deposition. The mathematical models described in
Table 2.1 are discussed below in order of sub-model type.

It’s important to note that many publications on slagging and fouling emphasize the key
role of inertial impaction when related to thermophoresis, eddy diffusion or vapor condensation
due largely to the prerequisite that a particle that does not impact does not form a deposit [29].
Additionally, when modeling ash deposition, two concepts are often over-looked or over-
estimated: predicting the impaction efficiency and the rate of the particles arrival to the deposition

surface [29].
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Table 2.1: CFD-based predictions of ash deposition in boilers [29].

Work Boiler/Fuel Mathematical Model/Numerical Simulations Results
PCGC-3 code, Ash deposition submodel included,
o . Predicted influence of deposit growth on heat flux,
Utility boiler . . .
Wang et al. . Predicted elemental composition of deposits, Ash
Fuel: Wyoming and S, . .
1997 [24] transported through inertial impaction and thermophoresis,
Oklahoma coal o . . .
Ash sticking propensity determined by physical
characteristics (viscosity).
300 MW down-fired Slagging model coupled with gas-solid two phase flow,
Fang et al. boiler Eulerian description for continuum phase, Particle transport
2010 [31] Fuel: Slagging- modeled by stochastic trajectory model, predicted slagging
tendency coals mainly on side walls in lower furnace.
Gas-solid two-phase flow model (Lagrangian/Eulerian
Pulverized coal-fired approach), Model simulates deposit growth under slagging
boiler conditions, Stochastic separated flow (SSFO model
Fan et al. i . R . . .
2001 [3] Fuel: Coal describes particle impaction rates, Ash sticking propensity
Deposit region determined by critical viscosity model. Deposits grow
considered: boiler walls | rapidly where particles’ impacting probability and
temperature of the wall surface are high.
512 MW tangentially-
fired boiler AshPro tool (integrates ash behavior models), Predicts
Ma et al. Fuel: Powder River deposit thickness, chemical composition, physical
2007 [32] Basin (PRB) coal properties and heat transfer properties in furnace wall or
Deposit region convective pass regions.
considered: boiler walls
SlngleTbumer pilot CINAR code (utilizes Eulerian conservation equations for
scale rig gas phase), Predicts slagging potential and deposition
Lee et al. Fuel: UK coals atterns I;article trajectories found by equation of motion
1999 [5] Deposit region b ’ J yed

considered: combustion
chamber walls

for a single particle, Ash sticking propensity determined by
the Urbain viscosity model.

Beckmann et
al. 2016 [28]

15 kW pulverized coal
jet flame

Down-fired combustion
chamber

Fuel: Bituminous coal

Fluent CFD code, Predicted deposition rates, Ash
transported through inertial impaction, thermophoresis and
eddy diffusion, Ash sticking propensity determined by five
well-known models (based on viscosity, ash softening
temperature)

Kaer et al.
2006 [33]

Grate-fired, Combined
Heat&Power Plant,
Masnedo, Denmark
Fuel: Straw

Deposit regions
considered: free-board;
platen superheaters and
tube banks

Fluent CFD code; Ash formation model for grate
combustion of straw, Ash transport through inertial
impaction and thermophoresis, Ash sticking propensity
determined using melting curves for potassium salts and
silica-rich particles
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Table 2.1 (cont): CFD-based predictions of ash deposition in boilers [29].

Work

Boiler/Fuel

Mathematical Model/Numerical Simulations Results

Forstner et al.

Grate-fired 440 KWy,
boiler

Fuel: waste wood
Deposit regions

Fluent CDF code, Ash release model for grate combustion
of wood, Ash release model for ash forming vapours, Ash
transport through inertial impaction and condensation of

2006 [34] considered: combustion | vapours, Ash sticking propensity determined using Urbain

chamber walls, fire tube | viscosity model

walls

330 MW boiler of

lédrzléileAchlada Florina, FLOREAN code of TU Braunschweig, Fly ash properties
Epple et al. Fuel: Lignite predicted using a coal combustion model, Ash transport
2005 [35] ' through inertial impaction, Ash sticking propensity based

Deposit regions
considered: furnace
walls

on ash fusion temperature

Mueller et al.

105 MW fluidized bed
boiler

Fuel: Wood

Deposit regions

Fluent CFD code, Ash formation model includes fly ash and
bottom ash fractions which are determined using chemical
fractionation analysis, Ash transport through inertial

2003 [36] considered: Free-board impaction, Ash sticking propensity determined using
secondar ;:ombus tion > | melting curves for the fly ash; sticking temperature
charnberyboiler walls corresponds to 15 wt.% of molten phase in the fly ash

. GLACIER code of Reaction Engineering International, Fly
?i(r)g dl\g?ﬁ/l;?ngentlally- ash properties predicted using a coal char combustion

Eddings et al. Fuel: Bituminous coal model, Separate treatment of extraneous and included

2001 [37] De 6si t regions pyrite, Ash transport by inertial impaction, turbulent eddy
corlljsi dere dg' boiler walls transport and thermophoresis, Ash sticking propensity based

) on the critical particle temperature T250 of the fly ash
AIOLOS code of IVD of Stuttgart, Fly ash amount and size
A];So(i)lsz German distribution are model inputs, Ash transport through inertial
Schell et al. Fuel: Brown coal impaction, turbulent eddy transport and thermophoresis,
2001 [38] i Ash sticking propensity determined using a linear

Deposit regions
considered: boiler walls

dependence of the sticking probability with temperature,
Effects of the deposit on heat transfer rates are determined

Bernstein et
al. 1999 [39]

800 MW boiler

Fuel: Brown coal
Deposit regions
considered: boiler walls

Fluent CFD code, Fly ash properties predicted using a coal
char combustion model, Ash transport by inertial impaction,
Ash sticking propensity expressed as a product of three
terms: melting temperature function, particle concentration
function and oxygen concentration function
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When calculating the ash particle sticking propensity, the viscosity of the ash particles has
been conventionally used as an important parameter [29]. To find the fraction of ash particles that
deposits, the actual viscosity is typically compared with a critical viscosity [40]. Additionally, an
assumption for viscosity-based models is made: the sticking propensity of particles during inertial
impaction is determined by the effective viscosity of the deposition surface and the ash particle’s
viscosity (which is a complex function of oxygen partial pressure, chemical composition, and
temperature in boilers) [30]. However, there is a lack of consistency when choosing a critical
viscosity. Values as low as 1 Pa-s and as high as 10 Pa-s have been used [29].

In a shortened approach for ash deposition modeling, Lee et al. [5] utilized the Urbain
viscosity model to calculate sticking probability by estimating particle viscosity, arbitrarily chosen
to be 105 Pa-s, and comparing it with a critical velocity [41]. In their set up, the sticking probability
was one for particle viscosities less than the critical value, while the sticking probability was the
ratio of critical viscosity to the actual viscosity for viscosities higher than the critical value, [41].

Costen et al. [42] applied the Kalmanovitch and PSI visocity model to calculate ash particle
viscosity. They choose a critical viscosity of 105 Pa-s (the Kalmanovitch model applies for high
temperature and low viscosity particles while the PSI model is vice versa). Other ash particle
sticking models use temperature and ash softening as sticking criteria [28-30].

An extensive review provided by Weber et al. [29] showed that the char burnout kinetics
for the last 20% of carbon were deemed critical for temperature dependent sub-models.

When the particle or deposition surface is not sticky and the Weber number is less than the
critical value of 1, an ash/char particle capture sub-model can be utilized. This sub-model is known
as the Weber number criteria [43]. The Weber number (We) is defined as the ratio of particle

kinetic energy and slag surface tension energy between as shown in equation 2.2:
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article kinetic ener ppudd
We =2 9y _ PpUpdp 2.2)

surface tension energy Osp

where p,, is particle density, ug is particle velocity, d,, is particle diameter, and oy, is the particle
surface tension when a solid particle is molten or when the wall is wet [44].

Coagulation and fragmentation modeling were determined to be critical in correctly
predicting the ash particle size distribution. Baxter [45] and Syred et al. [46] have performed an
extensive particle fragmentation review. Both Beckmann et al. [28] and Weber et al. [29]

introduced an ad hoc correction function:
D c\%7
o= (C—O) (2.3)

where D is the particle diameter, D, is the initial particle diameter, C is the carbon content of the
particle, and Cj, is the initial concentration of carbon in the particle. When implemented, the “ad
hoc” correction aided in good PSD agreement between measure values and CFD calculations [29].

There are many models used to predict the movement of ash particles toward the deposition
surface. Generally, these models incorporate the two main modes of transportation: inertial
impaction and thermophoresis. Table 2.1 shows inertial impaction modeling in many works [24,
28, 33-39]. Most modeling of inertial impaction involves using a particle tracking procedure (an
equation for the motion of the particle depending on the frame of reference) and an impaction
efficiency as defined by the stokes number [29]. Table 2.1 also presents thermophoresis modeling
in many works [24, 28, 33, 37-38]. Costen et al. [42] presents a general model of how a

thermophoretic force is modeled:
dr
Fip = _ET(_) (2.4)
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where v is the gas kinematic viscosity, T is the mean gas temperature in the vicinity of gas and
particle, and d7/dy is the temperature gradient. K;, is a thermophoretic coefficient determine from
an interpolation formula [47, 48].

In tangential fired boilers, Balakrishnan et al. [49] suggested that thermophoresis is
probably more important than inertial impaction.

Other notable modeling works include a predictive scheme for ash deposition modeling
based on CCSEM fly-ash data and CFD developed by Costen et al. [42]. The improved accuracies
in their modeling were associated with taking into account the mode of association of ash in the
particle; something that is not done with the Lagrangian modeling approach.

Overall, when it comes to ash deposition modeling, Weber et al. [29] noted that for CFD-
codes to accurately predict particle impaction efficiency, the flow field around the deposition
surface must be accurately characterized.

Ash deposition processes impact the combustor radiative heat transfer in two distinct ways.
First, the PSD and compositions of the particles impact the incident radiative fluxes to the walls.
The extent of this influence depends on the relative contributions of the particle radiation to the
gas radiation and the background wall radiation. Second, and more importantly, the characteristics
of the deposited ash alter the surface emissivity/absorptivity and impact the net radiative heat
fluxes (and effectively the heat absorbed at the steam side of the boiler). While a deposit free
surface may have a total emissivity/absorptivity of 0.8, ash deposits may reduce this value to as

low as 0.3 [50]. In addition, ash deposits reduce the thermal conductivity of surfaces.
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2.3.  Particle Size Distribution Impact on Radiative Heat Transfer

Particle properties (i.e. size, shape, composition, etc...) have a direct impact on the
radiative properties of particles. During combustion processes, the parent fuel, char, fly ash, and
soot all have varying radiative properties as suggested by their differing compositions [51]. Table
2.2 displays some notable publications in which CFD computations have been used to model
radiative heat transfer during oxy-coal combustion. This table contains the type of radiation
models, particle radiation models, and particle bin number (i.e., the number of discrete particle
sizes resolved in the simulations). The vast majority of CFD computations have used constant
values (experimental values) for particle radiation values, while some have used codes based on
Mie theory. It is important to note that ash particle radiative values vary with particle properties;
consequently, using constant values for particle radiation values is incorrect.

Characterization of particle size distribution throughout the boiler has been carried out as
exemplified by Beckmann et al. [28]. However, as discussed earlier, characterizations like this one
have not accounted for coagulation and fragmentation behavior. Additionally, most studies do not
have an adequate resolution (diameter intervals) for their particle size distributions. In order to get
detailed PSD and concentration data for comparisons against experiments, a large number of
particle tracks are needed. Krishnamoorthy and Wolf [51] showed that to get accurate radiative
fluxes, 40 diameter bins are needed. Although this is feasible in small scale geometries, it becomes

computationally expensive in large-scale 3D simulations.
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2.3.1 Radiation Modeling

The variables of interest in most radiative transfer analysis are the distributions of radiative
heat flux vectors (q(r)) and the radiative source terms (—V - q(r)). Distributions of the radiative
heat flux vectors are necessary to perform accurate energy balances on any solid/liquid
interfaces within the solution domain and at the boundaries. The radiative source term describes
the conservation of radiative energy within a control volume and goes into the energy balance
equation associated with the fluid flow. Therefore, these variables couple radiation with the other
physical processes that occur in a combustion simulation. To determine the distributions of these
quantities, a transport equation describing the radiative transfer needs to be solved first. If “I”
represents the directional intensity, ka the absorption coefficient (which is due to the gases as well
as the particulates in the combustion media), o the scattering coefficient (due to the particulates
alone), I» the black body emissive power and & the scattering phase function (assumed to be
forward scattering for the bubbles), then the differential equation governing the radiative transfer

can be written as [78]:

V-(;(7,8)8) = —(kagi + kap + 0p);(7,3) (2.5)
41T
0.
+hyg Wy ilpg(F,3) + kywylpy (7, 8) + ﬁ f LG, 8) ®(8,8Nd
0

(13 2

In equation 2.5, the subscripts “g” and “p” correspond to the gas-phase and particulate phase,

[1¥E3]
l

respectively. The subscript corresponds to the “gray gas” employed to estimate the gas
radiative properties and “w” corresponds to the weighting factor associated with the blackbody
emissive power.

The gas radiative property modeling methodology adopted in this thesis falls under the

category of weighted-sum-of-gray-gases (WSGG) models where the emissivities of gas mixtures
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are expressed in a functional form consisting of temperature independent absorption coefficients
(ki) and temperature dependent weighting fractions wi(T). The WSGG model parameters
employed in this thesis have been validated previously through comparisons against
benchmark/line-by-line (LBL) data for prototypical problems that are representative of
compositions, HoO/COx ratios, and temperatures encountered during combustion in air and oxy-
combustion [77, 79]. For further details on the WSGG modeling methodology and the gas radiative
property models employed in this study, the reader is directed to references 79-80. In this study,
the particle radiative properties were assumed to be “gray” (i.e. maintained constant across all gray
gases (1)), and the particle temperature was assumed to be equal to the surrounding gas temperature
(i.e., Ibg and Ibp were equal at all spatial locations) [81].

The radiative heat fluxes within the domain or at a surface and the radiative flux divergence

are determined by integrating over the solid angles (Q2) surrounding a point as [80]:
4 PONPN
q(r) =3 J," 1(r,3)8dQ (2.6)

V-q(r) = Xi(ka,gi(1) + kapi (1) (4nlp (r) = Gy (1)) (2.7)

G, the incident radiation, is calculated as:
) =% ["1(r,3) de 2.8)

The particle absorption and scattering coefficients of the particles in equation 2.5 were computed

as:
k, = lim Xy £y 22% = lim ¥y Qgps 222 (2.9)
p V>0 Nepn Vo0 N ¥abs ™, .
. Apn . Apn
0p = 1im X (1 — &) (1 = fon) 7= = lim Xy Qscar - (2.10)

In equations 2.9 and 2.10, the summation is over N particles within the control volume V, &pn is

the particle emissivity, Apn is the projected area of the nth particle, and fpn is the scattering factor
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associated with the nth particle. Qabs and Qscat correspond to the absorption and scattering
efficiencies, respectively.

In this thesis, Qabs and Qscat were assumed to vary as the combusting particle transitions
from the parent fuel to char to an ash particle. This variation is shown in Table 2.3. The variation
in the coal radiative properties is according to Kuehlert [82]. These values indicate that the
effective “extinction efficiency factors” are in the range 1.75 to 2.43 which compares well with
the effective extinction factors reported by Menguc” et al. [83] for different sized particles.

In order to avail computational savings, the radiation calculations were performed once
every 20 fluid/energy iterations. This approach has no bearing on the final results reported in this
thesis and is justified by the fact that the radiation field does not change as rapidly between
iterations as the fluid/temperature field. Furthermore, since the results reported in this study
correspond to steady state calculations, the convergence in the radiation calculations was assessed
at the end by ensuring radiative energy balance throughout the furnace. This was done by
confirming that the volume integral of the radiative source term was equal to the surface integral
of the net radiative flux through all the domain boundaries.

Table 2.3: Coal radiative property variations utilized in this thesis [51].

Absorption Scattering Scattering/absorption
Coal . . .
efficiency efficiency efficiency
Parent fuel 1.13 1.3 1.15
Char 0.59 1.5 2.54
Ash 0.05 1.7 34.00
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CHAPTER 3

BACKGROUND: MULTIPHASE MODELING FRAMEWORKS

3.1. Dispersed, Multiphase Flows

Dispersed, multiphase flows occur when at least one phase in the form of particles,
droplets, or bubbles is contained within a continuous carrier phase (liquid or gas). In this thesis,
the dispersed, multiphase flow under investigation is a particle phase (the fuel) laden in the
continuous carrier phase (the oxidizing gas mixture). There are two approaches to model these
types of flows: a Euler-Euler approach and a Euler-Lagrange approach. This thesis examined two
oxy-coal combustion studies from both approaches. A detailed explanation of these approaches is
contained within the following sections.

3.1.1 Lagrangian Tracking
3.1.1.1 Overview

Lagrangian tracking (discrete phase model or DPM) was originally developed by Smoot
and Smith 1985 [84]. ANSYS Fluent follows a Euler-Lagrange approach for this tracking
procedure. In this approach, the fluid phase is treated as a continuum by approximating the solution
to the Navier-Stokes equations while a discrete phase is tracked in the Lagrangian frame of
reference throughout the calculated flow field [78]. Additionally, the particle dispersion is
determined by turbulent velocity fluctuations. It is worth noting that the Lagrangian approach is
closely related to the MPPIC-TFM framework in MFiX [85] when accounting for inter-particular
collisions and becomes the TFM-DEM approach when individual particles are resolved. A detailed
explanation of the general equations used to model the continuum and discrete phase is contained

below.
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3.1.1.2 Conservation of Mass for Continuous Phase
The conservation of mass (continuity equation) for the fluid phase, which describes the

time rate of range of density at a specific point in space, is as follows [78]:
L4V (pP) = Sn 3.1)

where p is the fluid density, pv is a mass flux vector, and S,, is a source term to represent the mass
added to the continuous phase from the dispersed second phase (i.e. oxidation of carbon into
carbon monoxide).

3.1.1.3 Conservation of Momentum for Continuous Phase

The conservation of momentum for the fluid phase, which describes the motion of species

in the continuum, is as follows [78]:
2 (pi) + V- (pPP) = —Vp+ V- (D) + pg + F (3.2)

where the first term on the left-hand side of the equation is the rate of change in momentum per
unit volume, the second term on the left-hand side of the equation is the rate of momentum addition
by convection per unit volume, the second term on the right-hand side of the equation is the rate

of momentum addition by molecular transport per unit volume where 7 is the stress tensor
(described below), p is the static pressure, and pg and F are the gravitational body force and

external body force, respectively. The F term can also contain either model-dependent or user-

defined source terms [78]. The stress tensor is given by the following [78]:
- - ->T 2 -
rzu[(w+w )—;V-vl] (3.3)

where u is the molecular viscosity, I is the unit tensor, and the second term on the right hand side

is the effect of volume dilation.
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Under 2D axisymmetric geometry conditions, the V - ¥ term can be given as follows [78]:

Vep=Lxg By o (3.4)

ox ar r

3.1.1.4 Conservation of Species Mass for Continuous Phase
The conservation of mass for a chemical species in the fluid phase is given as follows [78]:
2 (pY) + V- (pBY) = =V-J; + R +5; (3.5)
where the first term on the left-hand side of the equation is the rate of change in moles of species
i per unit volume, the second term on the left-hand side of the equation is the species transfer due
to convection, the first term on the right-hand side of the equation is the species transfer due to
diffusion, R; is the net rate of production of species i by chemical reaction, and S; is a source term
that includes the rate of creation by addition from the disperse phase and any user-define sources.
The chemical species equation will be solved for N — 1 species where N is the number of species
[78].
3.1.1.5 Conservation of Energy for Continuous Phase
The conservation of energy for the fluid phase, in terms of temperature, is as follows [78]:
2 (pE) + V- (B(0E +p)) = V- (Kkeps VT = Xy hyf; + (Fep - 9)) + S (3.6)
where the first term on the left-hand side of the equation is the rate of change in energy per unit
volume, the second term on the left-hand side of the equation is the energy transfer due to
convection, k.rr is the effective conductivity (k + k., where k; is the turbulent thermal
conductivity), ]_J is the diffusion flux of species j, k¢ VT is the energy transfer due to conduction,
Xih ]_] is the energy transfer due to species diffusion, (feff . 17) is the energy transfer due to

viscous dissipation, and Sy, is a source term that includes the heat of chemical reaction and any

other user-define volumetric heat sources.
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E is given by the following [78]:

15=h—§+”7 (3.7)

where h is the sensible enthalpy defined for ideal gases by the following [78]:
and where Y; is the mass fraction of species j and h; is given by the following [78]:

T

hj = fTref Cp,jdT (3.9)
where T is temperature, Ty, is 298.15 K (for pressure-based solving), and ¢, ; is the heat capacity
of species j.

3.1.1.6 Governing Equations for Discrete Phase

The discrete phase considers both continuum-particle and particle-particle interactions.
Essentially, ANSYS Fluent computes the trajectories, the heat transfer to/from, and the mass
transfer to/from the discrete phase entities [86].

Discrete phase trajectory in a Lagrangian framework includes discrete phase inertia,

hydrodynamic drag, and the force of gravity as shown in equation 3.10 [78]:

du - dlep=p) | =
d—tszD(u—up)+;—p+F (3.10)

where F is an additional acceleration term, the Fj, (ﬁ - ﬁp) term is the drag force per unit particle

mass and Fj, is calculated by equation 3.11 [78]:

_ 18u CpRe
"~ ppdl 24

(3.11)

D

Here, @ is the fluid phase velocity, i, is the particle velocity, u is the molecular viscosity of the
fluid, p is the fluid density, p,, is the particle density, and d,,is the particle diameter. The Reynolds
number (Re) is defined by equation 3.12 [78]:
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_ pdplip—1

Re = *=ror— (3.12)

For modeling the heat and mass transfer of the discrete phase, ANSYS Fluent uses four
heat and mass transfer relationships (or laws): inert heating, inert cooling, devolatilization, and
surface combusiton [78]. The inert heating law is applied when the particle temperature is less than
the vaporization temperature while the inert cooling law is applied after the volatile fraction of the
particle has been consumed [78]. When using either of these laws, ANSYS fluent utilizes a

simplified heat balance to relate the particle temperature T, (t) to the convective heat transfer and

the absorption/emission of radiation at the particle surface as shown in equation 3.13 [78]:

MpCp %” = hay(Tew — Tp) + £pAp0sp (07 — T) (3.13)

where m,, is the mass of the particle, c,, is the heat capacity of the particle, h is the convective heat
transfer coefficient, A, is the surface area of the particle, T is the local temperature of the
continuous phase, &, is the particle emissivity, ogp is the Stefan-Boltzmann constant (5.67- 1078
W/m*-K*), and 6,, is the radiation temperature.

In using this simplified heat balance, two assumptions are made: the particle has a uniform
temperature throughout and there is a negligible internal resistance to heat transfer.

3.1.1.7 Advantages/Disadvantages of Lagrangian Tracking

The Lagrangian tracking approach has both advantages and disadvantages. The advantages
of this approach are that: polydispersity can be easily integrated since the sizes of particles are
independent and there is no fundamental limitation on the Stokes number due to the requirement
of unique particle velocity and temperature field representations [87]. The shortcomings of the
Lagrangian approach are the: difficulties to model coagulation and break-up, change the PSD, low

parallelization efficiencies and isotropic turbulence assumption for the particles near the walls.
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Furthermore, the Lagrangian tracking approach can be a significant bottleneck in large-scale

simulations

3.1.2 Two-Fluid Model
3.1.2.1 Overview

The second Euler-Euler modelling approach presented is the two-fluid model (or TFM).
This model was utilized in all oxy-fuel combustion scenarios investigated in the work documented
in is thesis. Developed by Zhou 1988 and Guo et al. 1998, this model applies comprehensive
Eulerian treatments for both the gas and particle phases, again, treating the phases as
interpenetrating continua [88-90]. In the TFM framework, the inter-particular collisions and the
dispersion of particles are determined by the Kinetic theory of granular flow. Here the frictional
stresses are modeled by neglecting the turbulence at the particle level. It is important to note that
turbulence modeling may be inaccurate for swirling flows (per-phase versus dispersed phase).
Velocity and temperature slips between the particle phase and gas phase are found by solving the
momentum and energy equations for both phases [88]. Additionally, a continuity equation is
solved for each phase.

Equations of conservation shown below are shown in terms of the g phase (where the
q*" phase can be either the particle or gaseous phase).

3.1.2.2 Conservation of Mass

The mass conservation equation for the g phase is as follows [78]:
3} > . .
7t (aqpq) + V- (agpq¥q) = Xp=11ikg — Mg + S (3.23)
where v, is the phase velocity of phase q, 71, characterizes the mass transfer from the k" to gth

hase, 11, characterizes the mass transfer from the qt"*to k" phase, and S, is a source term.
p qk q p q
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3.1.2.3 Conservation of Momentum
The momentum conservation equation for the g phase is as follows [78]:

d - > >

E(quq”q) + V- (agpq¥qty) = (3.24)
—a,Vp + V- T, + agpeg + Xro1(Riq + Mg Vrg — MaVgr) + F

where 7, is the q‘" phase stress-strain tensor defined by equation 3.25:

-

Zq = aqug(Voq + VB]) + ag (Ag = 211q) V- Byl (3.25)
Here, g is the shear viscosity of the q*" phase, Aq is the bulk viscosity of the q*" phase, F is the
sum of various forces acting on the q*" phase (external body forces, lift force, wall lubrication
force, virtual mass force, turbulent dispersion force), Ekq is the interaction force between phases,
and p is the pressure observed by all phases.

3.1.2.4 Conservation of Energy

The energy conservation equation for the g*" phase is as follows [78]:

%(“qpqhq) + V- (agpqiighy) = (3.26)
Qg 28 4 74 Vitg = V- Gg + Sq Xper(Quq + ghiq — Mgihqr)

where h, is the specific enthalpy of the q*" phase, qq 1s the heat flux, S,is a source term (sources

of enthalpy), Q4 is the intensity of heat exchange between the k" and q*" phases, hyq is an

interphase enthalpy term.

3.1.2.5 Drag Law

Interphase exchange coefficients can be included to indicate the momentum exchange

between the particulate and gaseous phases. In the work documented by this thesis, the Morsi and
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Alexander model was chosen to model the solid-fluid drag interactions. The model is as follows

[78]:
CpR
f==2= (3.27)
where Cpis the function defined below:
Cp=a+2+-% (3.28)

Here, the coefficients a;, a,, and a3 have an adjusting function definition over a large range of
Reynolds numbers.

3.1.2.6 Advantages/Disadvantages of Two-Fluid Model

The two-fluid model approach has both advantages and disadvantages. The TFM
frameworks can efficiently describe all particle history effects: particle mass change due to
moisture evaporation, devolatilization, char combustion, particle temperature changes due to
convection, and diffusion and heat transfer between the two phases [88]. The two inherent
problems in the TFM framework are: particle dispersion due to turbulence and the need to obtain
individual particle time-histories. Additionally, Eulerian approaches like the TFM are generally
more computationally expensive, especially for polydisperse systems with a wide range of particle

sizes [87].
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CHAPTER 4

NON-SWIRLING OXY-COAL FLAMES

4.1. Problem Overview and Methods

Flame stability is often measured by the flame stand-off distance which is defined by the
distance from the tip of the burner to the ignition position. Flame attachment is defined when this
distance equals zero. There are two methods widely used in field boilers today to identify flame
ignition positions [91]. First, ignition can be assumed to occur where the temperature (specifically
particulate temperature) greatly increases. In the oxidizing environment, particle ignition is
determined by heat generation/loss from the particle surface [91]. Factors that play an important
role in this heat balance include the heat transfer from the ambient gas, radiative heat transfer from
the chamber’s walls, heat generated by chemical reaction, and heat loss when the temperature of
the particles is higher than the ambient gas and boiler walls [91]. More specifically, the particle
ignition is controlled by the following physical and chemical processes: rate of diffusion of
gaseous fuel and oxidizer species, coal pyrolysis, diffusion of gaseous products and oxidizer
species, and gas phase reaction of pyrolysis products and oxygen [91]. Secondly, ignition can be
assumed where CO concentration greatly increases as CO is a direct product of heterogeneous
reactions.

Flame stabilization, here defined by stand-off distance, plays an important role in
controlling NOX and CO2 emissions. By controlling flame stability, controlling NOX emissions
becomes easier as it increases the size of the fuel-rich flame region where NOX is reduced to
nitrogen [92]. Furthermore, flame stability can affect the heat transfer performance of coal thermal

power plants [93].
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Flame stability measurements were taken in a 40 kW downflow laboratory combustor
(oxy-fuel combustor or OFC) by J. Zhang et al. using optical measurements of the flame stand-off
distance [94]. They suggested, based on their experimental results, that flame stability is affected
by the primary jet O2 concentration, secondary jet fluid preheat temperature, secondary jet O2
concentration, and the gaseous diluent choice: CO2 versus N2 (here, the pulverized coal is injected
into the primary jet stream where the secondary jet stream is a separate oxidizer stream) [94].

Previous attempts to model the oxy-fuel combustion environment in this combustor have
been documented [93, 95]. G. Babak et al. used a Eulerian formulation of the one-dimensional
turbulence (ODT) model to determine flame stand-off distance by means of detailed kinetic
calculations of the gas phase fully coupled to a high-fidelity model (CPD) for devolatilization of
coal particles [95]. Their results showed a quantitative agreement with experimental data. They
suggested that there may be a kinetic limitation to stand-off distance and that radiative temperature
significantly influenced the stand-off distance [95]. Pedel et al. used a large eddy simulation (LES)
tool, ARCHES, for modeling combustion [93]. They evaluated the impact of heterogeneous
reactions, radiation, primary stream temperature, and wall temperature on flame stability. Their
simulations were consistent with the experimental data. Also, their analysis suggests that the flame
stand-off distance is mainly controlled by the wall temperature and that the role of primary O2 is
minor [93].

In lieu of these two studies, our motivation for studying flame stand-off using different
multiphase modeling frameworks was two-fold: First, it enabled us to investigate the efficacies of
the different multiphase modeling frameworks in the absence of significant particle dispersion
(these are non-swirling flames), thereby eliminating any prediction variations due to differences

in the particle turbulence modeling predictions between the different frameworks. Second, since
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radiative heat transfer is expected to play a key role in flame stand-off, this could be investigated
more closely in the present study since the Lagrangian approach utilizes an optically thin particle
radiation model whereas the Eulerian approaches account for particle radiation more rigorously.

In our attempt to model this system, CFD simulations were carried out for two non-swirling
oxy-coal combustion scenarios using the ANSYS Fluent 16.2 commercial software package [78].
The two oxy-fuel combustion scenarios differ only by the concentration of oxygen in the primary
burner (0 vol% O2 and 20.9 vol% O2, respectively). Simulations for each scenario were run and
can be broken into three groups categorized by the framework choice (DPM and TFM). For each
framework, a Rosin-Rammler distribution was utilized for the solid phase. Additional simulations
with varying particle sizes were carried out to help assess flame stability characteristics.

The experimental oxy-fuel combustion stand-off study was carried out by Zhang et al in
the OFC shown in Figure 4.1 (used with permission) [94]. The OFC design allows self-sustained
combustion with residence time-temperature histories, gas species and particle concentrations all
representative of practical units, while still maintaining sufficient control to allow well defined,
systematic experimentation in controlled environments [94]. The OFC is rated at 100 kW and
measures 3.8 meters in length. There is a primary and secondary oxidizer inlet with a coal feeder

on the primary inlet.
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| Heat exchanger #1-8 |

Figure 4.1: Utah’s experimental oxy-fuel combustor (OFC).
A 2D, axisymmetric geometry was built in ANSYS Workbench to the specifications of the

OFC as shown in Figure 4.2. The length of this geometry was 4.07 meters. The length and width
of the ignition zone were 2.2 meters and 0.61 meters, respectively. The length and width of the
radiation zone were 1.6 meters and 0.27 meters, respectively. The geometry was populated with
8,144 cells and had a maximum skewness value of 0.667. The results were found to be invariant
with any further refinement to the grid.

Thermal boundary conditions were set for the walls in the ignition and radiation zone (also
shown in Figure 4.2). The ignition zone walls were set to a temperature of 1283 K. The radiation
zone walls were set to a heat transfer coefficient of 5 W/m?-K with a surrounding fluid temperature
of 300 K. Figure 4.3 shows the wall temperature profile along the ignition zone wall and radiation

zone wall.
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Figure 4.2: 2D, axisymmetric geometry designed to replicate Utah’s experimental OFC.
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Figure 4.3: Simulated wall temperature profile in the furnace in the non-swirling study.

An Utah Bitumnious coal was used as the fuel for oxy-fuel combustion. Table 4.1 contains

the proximate and ultimate analysis for this coal.

Table 4.1: Proximate and ultimate analysis of the Utah Bituminous coal.

Proximate Analysis (wt.%)

Element Analysis (wt.%)

Fixed Carbon 46.44 C 77.75
Volatiles 38.81 H 5.03
Ash 11.72 N 1.44
Moisture 3.03 S 0.45
HHV (kl/kg) 27,286 0) 15.33
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Particle size distribution model at the injection point was based on the Rosin-Rammler

distribution shown in Figure 4.4 [91].

e Sieve mass fractions
1.2 -

1 - . —Rossin Rammler Curve Fit
* . (DPM)
0.8 -

Y, = exp((-d,/85)?)

Mass fraction > particle diameter
o
o

0 [ [ [
0 50 100 150 200

Particle diameter, microns

Figure 4.4: Coal particle size distribution and Rosin-Rammler curve fit for parent coal particles
in the non-swirling study.

Table 4.2 shows primary and secondary oxidizer stream specifications obtained from the

University of Utah that were employed in the simulations to recreate experimental trials.
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Table 4.2: Primary and secondary oxidizer stream specifications for both non-swirling
combustion scenarios.

0% O 20.9% O,

Velocity Magnitude (m/s)

Primary 5.40 5.40

Secondary 16.6 16.6
Mass Flow Rate (kg/s)

Fuel 0.00134 0.00134
Inlet gas temperature (K)

Primary 305 305

Secondary 544 544
Species concentration of primary inlet (mol%)

0 0 20.9

H,O 0 0

CO; 100 79.1

N2 0 0
Species concentration of secondary inlet (mol%)

02 48.9 44.7

H.O 0 0

CO; 51.1 553

N, 0 0

The single-rate model was chosen to model devolatilization. This model assumes that the
rate of devolatilization is first-order with respect to the volatiles [96]. The devolatilization kinetic
rate, k, is defined by input of an Arrhenius type pre-exponential factor, 4;, and an activation
energy, E, as shown below [78]:

k = Aye~(E/RgT) (4.1
where Ry is the universal gas constant and T is temperature.

After release of the volatiles during the volatile pyrolysis process, the remaining char reacts
with the surrounding gas phase. User-defined functions were implemented to model the diffusional

and kinetic resistances associated with the heterogeneous char oxidation. Gaseous combustion
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between the fuel volatiles and oxidant was simulated using a two-step mechanism. Initially,

volatiles were assumed to oxidize and release CO. Then, CO was oxidized to CO,. The

heterogenous and homogenous reactions modeled in these studies are contained in Table 4.3.

Table 4.3: A summary of reactions and kinetic parameters modeled in the non-swirling study.

A Ea, J/kmol Reference

Heterogeneous reactions

Devolatilization 382000%* 7.4e+07 [97]

Char combustion: 2Cs + O; = 2CO 0.86** 1.13e+08 [98]
Homogeneous reactions

Volatile combustion: vol — 1.05CO + 1.96H,0 + 2.119e+11*  2.027e+08  [99]

0.0283N: + 0.008250;
CO oxidation: 2CO + O; = 2CO; 2.239e+12*  1.7e+08 [100]

Pre-exponential factor, A, units: *(1/s) / **(kg/m’s Pa)

Table 4.4 provides a complete summary of the different modeling options invoked in this

study. Interphase interaction terms were modeled employing identical phenomenological laws in

all three frameworks. Additionally, non-gray effects of gas radiation and the variations in the

radiative properties of the solid phase during combustion were implemented as user-defined

functions.

Table 4.4: A summary of modeling options invoked in the non-swirling study.

Physics being modeled

CFD Framework (ANSYS Fluent)

Multiphase hydrodynamics
Turbulence

Coal devolatilization

Gas-phase chemistry
Heterogenous chemistry

Drag law

Radiation transport equation solver
Particle radiative property

Particle scattering phase function
Gas-phase radiative property

Solver

38

DPM / TFM

Realizable k-epsilon

Single-rate

Finite rate/Eddy dissipation
Surface Reactions
Morsi-alexander

Discrete ordinates method
Variable Kaps and Kgcat
Anisotropic (forward scattering)

Perry (5gg) [77]

Pressure-based



Discretization Schemes Quick for Spatial Discretization

4.2. Results

4.2.1. Inert Particle Simulations

In order to ascertain that the same constitutive laws (associated with particle drag and
heating) were being utilized in both DPM and TFM frameworks, simulations of inert (non-
reacting) coal particles at the mean diameter associated with the Rosin-Rammler distribution (85
microns) were carried out first. Figure 4.5 shows the particle volume fraction and Figures 4.6 and
4.7, show the axial temperature and velocity profiles, respectively (for both phases) in the inert
particle simulations carried out using the TFM and DPM frameworks. The close agreement
between the profiles indicates that the phenomenological laws for drag and heating were indeed
identical between the two frameworks. Figure 4.6¢ indicates that the gas and particle temperature
equilibrate in the radiation zone of the combustor. Likewise, in Figure 4.7c, a uniform “slip

velocity” between the particle and gas phase is seen to persist in the radiant zone.

DPM

TFM

0.0e+00 20e-04 4.0e-04 6.0e-04 8.0e-04 1.0e-03

Figure 4.5: Particle volume fractions in the inert simulations of 85-micron particles using DPM
and TFM modeling frameworks.
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Figure 4.6: Axial temperature profiles in the non-swirling inert particle simulations: (a) Particle
temperature; (b) Gas temperature; (c) Temperature difference (Gas temperature — Particle
temperature).
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Figure 4.7: Axial velocity profiles in the non-swirling inert particle simulations: (a) Particle
velocity; (b) Velocity difference (Gas velocity — Particle velocity).

4.2.2. Flame Stand-off Predictions Using DPM Framework

To investigate the stand-off distances using the DPM framework, DPM simulations with a
Rosin-Rammler particle size distribution were generated. Figure 4.8 shows the carbon monoxide
mole fraction (a) and char burnout (b) in the DPM Rosin-Rammler simulations. Stand-off
distances in these simulations were not accurately characterized as a function of oxygen
concentration in the primary burner. Experimental measurements show the mean stand-off
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distances for the 0% O> scenario to be 29.8 cm and the 20.9% O scenario to be 11.9 cm (as
denoted by the vertical lines in Figure 4.8). The distance between the burner tip and peak carbon
monoxide concentration is approximately triple of what was observed in the experimental 0% O-
scenario and nearly 8 times what was observed in the experimental 20.9% O> scenario. The
shorter mean stand-off distances observed in the 20.9% O scenario is likely due to the availability

of oxygen in the primary burner. Char burnout is shown here to verify the ignition location.
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Figure 4.8: Carbon monoxide mole fraction (a) and char burnout (b)in the Rosin-Rammler DPM
simulations for the non-swirling study. Mean experimentally measured stand-off distance
locations are indicated by vertical line.
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Intuitively, by injecting a smaller constant inlet coal particle diameter, combustion should
occur closer to the burner. To investigate this, DPM simulations with a constant 35-micron
particle size distribution were carried out. Figure 4.9 shows the carbon monoxide mole fraction
(a) and char burnout (b) for the 35-micron DPM simulations. However, no improvement in stand-
off distances were observed between the Rosin-Rammler and 35-micron diameter DPM
simulations. Again, to verify the ignition location in the 35-micron diameter DPM simulations,

char burnout contours were generated.

0% O,
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20.9% O,
Scenario
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0.24
0.0a

Figure 4.9: Carbon monoxide mole fraction (a) and char burnout (b)in the 35-micron DPM
simulations for the non-swirling study. Mean experimentally measured stand-off distance
locations indicated by vertical line.
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4.2.3. Flame Stand-off Predictions Using TFM Framework

Contrary to the DPM simulations, simulations using the TFM framework were able to
capture the experimentally observed trends in flame stand-off as a function of oxygen
concentration in the primary burner. TFM simulations using a constant mean Rosin-Rammler
distribution particle diameter of 85-microns were carried out. Figure 4.10 shows the carbon
monoxide mole fraction (a) and char oxidation rate (b) in the 85-micron TFM simulation. The
distance between the burner tip and the increase in CO is near to what was observed
experimentally. In addition, the char oxidation rate was also examined for verification of ignition

location.
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Figure 4.10: Carbon monoxide mole fraction (a) and char oxidation rate (kmol/m>-s) (b) in
the 85-micron TFM simulations for the non-swirling study. Mean experimentally measured
stand-off distance locations indicated by vertical line.
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To investigate the effects of adding an additional particle phase, TFM simulations with two
distinct particle sizes (100 microns and 50 microns) were carried out. Figure 4.11 shows the
carbon monoxide mole fraction (a), char oxidation rate for the 0% O scenario (b) and char
oxidation rate for the 20.9% Oz scenario (c) for the 2-phase TFM simulations. Again, the distance
between the burner tip and the peak in carbon monoxide concentration is near what was observed
experimentally. The char oxidation rate was also examined for verification of ignition location.
This verification included examining rates of char oxidation for both phases (100 micron and 50

micron particulate phases).
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Figure 4.11: Carbon monoxide mole fraction (a), char oxidation rate (kmol/m?-s) for 0% O:
scenario (b) and char oxidation rate (kmol/m>-s) for 20.9% O: scenario (c) in 2-phase TFM
simulations for the non-swirling study. Mean experimentally measured stand-off distance
locations indicated by vertical line.
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4.2.4. Influence of Other Operational Parameters on Flame Stand-off

In addition to the effects of O, concentration in the primary burner on flame stand-off,
Zhang [91] also experimentally investigated the effects on flame stand-off of: the secondary
oxidizer temperature, the wall temperature and replacing the CO2 in the primary burner with N2.
The most pronounced effect was observed due to CO2 replacement with N2 due to the differences
in heat capacity of the two diluents. Lower secondary air temperatures also delayed the ignition.
Both these effects appeared to increase the flame stand-off location by about 10 cm in a 14.4% 02
flame. Given our ability to predict flame stand-off with reasonable fidelity using the TFM
framework, additional simulations were carried out for the 14.4% O2 flames. Figure 4.12 shows
the devolatilization and char oxidation rates along the centerline axis during simulations of the
14.4% O2 flames (under different operating conditions) using the TFM framework. These results

are in excellent agreement with the experimental observations of Zhang [91].
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Figure 4.12: (a) Devolatilization rate (kmol/m3-s) and (b) Char oxidation rate (kmol/m’-s) along
the centerline axis during simulations of the 14.4% O: flames (under different operating
conditions) simulated using the TFM framework.
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4.2.5. A Closer Examination of TFM and DPM Predictions

Figure 4.13 shows the total heat release, ignition zone flux, and radiation zone flux across
all Rosin-Rammler studies for both oxy-combustion scenarios. These fluxes are computed by
summing the total heat transfer rate (convective and radiative heat transfer) over the respective
faces of the boiler boundary. Radiation was the dominant mode of heat transfer with the radiant
heat loss fraction (Radiative heat loss/Total chemical heat release) determined to be about 0.6 for
both flames. The incident radiative flux predictions were in good agreement with measured values
from similar flames in this furnace (between 120 - 150 kW/m? in the ignition zone) [101]. Figure
4.13b shows that radiation from the participating gases accounted for 75% of the radiative heat

transfer.
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Figure 4.13: The fraction of total flux attributed to radiative heat transfer in the oxy-coal flames
(a) with gas radiation and (b) without gas radiation for the non-swirling study.
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Figure 4.14 shows contours of gas temperature (in K) in the oxy-coal flames using the
DPM and TFM frameworks. Despite flame stand-off prediction differences between the two
frameworks, the volume averaged flame temperatures were between 1300 — 1350 K for all the
simulations. Since the gas temperatures play a big role in determining the wall radiative fluxes,

the radiative flux contributions are seen to be identical in Figure 14.4.

0% O,

8

1o 209% O,

1400

1600

i (a)

0% O,

20.9% O,

(b)

Figure 4.14: Contours of gas temperature (in K) in the non-swirling oxy-coal flames: (a) DPM
framework; (b) TFM framework.

Figure 4.15 shows contours of particle volume fractions using the DPM and TFM
frameworks. Due to the inherent Stokes number limitation (see section 2.1.2 for Stokes number
explanation) associated with the TFM framework where the velocities of all particles associated
with the dispersed phase (irrespective of their size) are assumed to be equal or follow an

equilibrium distribution, the particle dispersion is not as prevalent as seen in the DPM simulations.
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While this can have potentially negative implications in highly turbulent systems where eddies
over a range of length and time-scales are present, the implications of this equilibrium velocity
distribution in these non-swirling flames are likely minimal.

0.00e+00

1.00e-05

2.00e-05

3.00e-05 0% 02
4.00e-05
5.00e-05
6.00e-05
700805 20.9% 02
8.00e-05
9.00e-05
1.00e-04
(a)
0.00e+00
1.00e-06
200006 ‘\\
0005 € e 0% O
; e — 2
4 00e-06 L M
5 00e-06 L_)
R — 20.9% O,
T ™
7 00e-06
8 00e-06
9.00e-06
1.00e-05 (b)

Figure 4.15: Contours of particle volume fractions in the non-swirling oxy-coal flames: (a) DPM
framework; (b) TFM framework.

This can be ascertained by looking at the contours of turbulent kinetic energy and turbulent

dissipation rates shown in Figure 4.16. The predictions of turbulence from the TFM and DPM
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frameworks are seen to be both identical (similar magnitudes) and concentrated around the axial

centerline.
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Figure 4.16: Contours of turbulence variables in the 20.9% O: non-swirling oxy-coal flames: (a)
Turbulent kinetic energy (m?/s’); (b) Turbulent dissipation rate (m’/s>).

The volume averaged particle volume fraction ranged from 2 ppm (for the TFM
simulations) to 37 ppm for the DPM simulations in Figure 4.15. The higher particle volume

fractions in the DPM simulations is associated with fuel swelling and delayed burnout.
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Nevertheless, user-defined functions were employed to modify the fuel emissivities as it
transitioned from the parent fuel to ash particles [51]. Since the ash particles have lower
emissivities than that of a black body (like soot), the fractional contribution of these gray particles
to the net radiative fluxes that is observed in Figure 4.13 at these volume fractions is along the
lines of what we would expect, and have generally observed in different pool fires with varying
soot volume fractions [102]. The differences in devolatilization and char burnout predictions
between the two frameworks also has a minor impact on the characteristics of the hot gases that
are brought back to the near burner region through recirculation. These are depicted in Figure 4.17.
The average temperature in the recirculation region is about 100 K hotter in the 20.9 % O, TFM
simulations compared to the DPM simulation and the 0% O2 TFM simulations. Further, early
devolatilization and burnout associated with the TFM simulation depletes the oxygen in the near
burner region resulting in lower O mole fractions in the recirculation region in the TFM

simulations.
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Figure 4.17: Contours near the flame recirculation zone in the non-swirling oxy-coal flames: (a)
Gas temperature (The colors/regions corresponding to 1200 K — 1300 K indicated by arrows for
brevity), (b) Oxygen mole fractions.

Figures 4.18 and 4.19 show the total heat release, ignition zone flux, and radiation zone
flux in the Rosin-Rammler DPM and 2-phase TFM simulations, respectively, for the 0% O>
scenario. The first bar on the left shows participation of gas, particle, and wall radiation. The

middle bar shows just particle and wall radiation participation. The right bar shows just wall
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radiation participation. Figures 4.18 and 4.19 indicate that radiation from the participating gases
constitute more than 75% of the predicted incident radiative fluxes. Therefore, any changes to the
particle/ash PSD during oxy-fuel combustion should not have a significant bearing on the incident
radiative fluxes. However, differences in ash deposition rates may impact the net radiative heat

fluxes (and heat absorption) by altering the surface absorptivity and emissivities.
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Figure 4.18: The fraction of total flux attributed to radiative heat transfer in the oxy-coal
flames in Rosin-Rammler DPM simulations in the 0% O: scenario for the non-swirling study.
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Figure 4.19: The fraction of total flux attributed to radiative heat transfer in the oxy-coal
flames in 2-phase TFM simulations in the 0% O: scenario for the non-swirling study.
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CHAPTER 5

SWIRLING OXY-COAL FLAMES

5.1.  Problem Overview and Methods

Ash deposition in coal combustion systems result in several consequences as detailed in
previous sections (see section 2.1). Ash formation and deposition is a complex physio-chemical
process consisting of vaporization, condensation, melting, fragmentation, nucleation and
coagulation of the mineral matter and organically bound metals in the parent fuel that results in a
distinct tri-modal distribution of the ash particles within the combustor [103]. However, predicting
these time-dependent particle size distribution characteristics during combustion as the inlet fuel
transitions to ash using the commonly employed DPM based particle simulation methodologies is
extremely challenging. Previous work by James et al. employed a Trace Element Partitioning Coal
Combustion model to model trace element partitioning from pyritic mineral inclusion; here, the
modeling of the coal was undertaken in the DPM framework while the evolution of TEs from the
coal particles was calculated outside the CFD idealized environment [12]. Eulerian particle
tracking methods (TFM) on the other hand are more amenable to capturing the nucleation,
fragmentation and coagulation characteristics of ash. While the ultimate objective of modeling this
swirling oxy-coal flame is to compare ash deposition rates against the associated measurements
and between modeling frameworks (DPM and TFM), the work done in this thesis was solely to set
up a methodology for this comparison to be completed. Hence, no ash deposition rate comparison
was carried to completion in this thesis but will be in the future (see section 6.2). Creating this
modeling methodology consisted of: identifying phenomenological laws and modeling options
across the DPM and TFM frameworks, assessing preliminary swirling oxy-coal flame DPM and

TFM simulations and an initial radiative flux analysis.
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Commercial software ANSYS Fluent 16.2 was used to simulate two oxy-fuel combustion
swirling flame scenarios [78]. The two scenarios, entitled Oxy27 and Oxy70, differ only by the
overall oxidizer stream composition (27 vol% O2 and 70 vol% O2, respectively). Both the Oxy27
and Oxy70 scenario simulations utilized the DPM and TFM frameworks. For each framework, a
Rosin-Rammler distribution was utilized for the solid phase.

The experimental oxy-fuel combustion stand-off study was carried out by Zhang et al in
the OFC shown in Figure 5.1 (used with permission) [94]. The OFC design is noted for allowing
self-sustained combustion with residence time-temperature histories, gas species and particle
concentrations all representative of practical units, while still maintaining sufficient control to
allow well defined, systematic experimentation in controlled environments [94]. The OFC is rated
at 100 kW and measures 3.8 meters in length. There is a primary and secondary oxidizer inlet with
a coal feeder on the primary inlet.

Coal feeder
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Secondary Flue gas

%!

-
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gl Ash deposits sampling
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| Heal exchanger 81- 8 |

|

_ Ble #[B #]

Figure 5.1: Utah’s experimental oxy-fuel combustor (OFC).
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A 2D, axisymmetric geometry was built in ANSYS Workbench to the specifications of the
OFC as shown in Figure 5.2. The length used in this geometry was 4.07 meters. The length and
width of the ignition zone was 2.2 meters and 0.61 meters, respectively. The length and width of
the radiation zone was 1.6 meters and 0.27 meters, respectively. The geometry was populated with
8,144 cells and had a maximum skewness value of 0.667. The results were found to be invariant
with any further refinement to the grid.

Thermal boundary conditions were set for the walls in the ignition and radiation zone. The
ignition zone walls were set to a temperature of 1283 K. The radiation zone walls were set to a
heat transfer coefficient of 5 W/m?-K and a surrounding fluid temperature of 300 K. Figure 5.3

shows the wall temperature profile along the ignition and radiation zone walls.

Ignition Zone: 2.2 m 9 Radiation Zone: 1.6 m R
I 0.61 m ) 10.27 m
II e . o ,-
' = il — 5 W/m2-
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_ o | Temperature = 1283K Ambient Temperature = 300K
Primary Oxidizer

and Fuel Inlet  —q»
% Schedule 10 Pipe /! / I
/T

%

Secondary Oxidizer Inlet
1Y% Schedule 40 Pipe

Figure 5.2: 2D, axisymmetric geometry designed to replicate Utah’s experimental OFC.
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Figure 5.3: Simulated wall temperature profile in the furnace in the swirling study.
Sufco coal, a Utah sub-bitumnious coal, was used as the fuel for oxy-fuel combustion.

Table 5.1 contains the proximate and ultimate analysis for this coal.

Table 5.1: Proximate and ultimate analysis of SUFCO coal.

Proximate Analysis (wt.%) Element Analysis (wt.%)

Fixed Carbon 47.04 C 67.87
Volatiles 38.49 H 5.45
Ash 8.36 N 1.09
Moisture 6.11 S 0.36
HHV (BTU/Ib) 11,899 O (by difference) 16.87

CSSEM data was obtained for this coal and is present in Table 5.2.
Table 5.2: CCSEM and ash chemistry analysis of SUFCO coal.

A1203 CaO F6203 MgO MnO PzOs Kzo SiOz Nazo SO3 Ti02

8.34% 18.21% 5.25% 2.84% 0.05% 0.01% 0.33% 48.85% 3.09% 5.96% 0.64%

Table 5.3 shows primary and secondary oxidizer stream specifications obtained from the

University of Utah that were employed in the simulations to recreate experimental trials. To
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recreate the swirling flame, the primary inlet flow direction was set to have a tangential component

of 0.6.

Table 5.3: Primary and secondary oxidizer stream specifications for both swirling combustion

scenarios.
Oxy27 Oxy70

Mass flow rate (kg/h)

Fuel 3.46 3.46

Primary 6.22 5.26

Secondary 31.8 6.63
Inlet gas temperature (K)

Primary 480 480

Secondary 480 480
Species concentration of primary inlet (mol%)

0 21 21

H.O 0 0

CO; 79 79

N» 0 0
Species concentration of secondary inlet (mol%)

0, 28.2 100

H,O 0 0

CO; 71.8 0

N» 0 0

The single-rate model was chosen to model devolatilization. This model assumes that the
rate of devolatilization is first-order with respect to the volatiles [96]. The devolatilization kinetic
rate, k, is defined by input of an Arrhenius type pre-exponential factor, 4;, and an activation
energy, E, as shown below [78]:

k = Aye~(E/RgT) (4.1
where Ry is the universal gas constant and T is temperature.

After release of the volatiles during the volatile pyrolysis process, the remaining char reacts
with the surrounding gas phase. User-defined functions were implemented to model the diffusional

and kinetic resistances associated with the heterogeneous char oxidation. Gaseous combustion
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between the fuel volatiles and oxidant was simulated using a two-step mechanism. Initially,
volatiles were oxidized and release CO. Then, CO was oxidized to CO». The heterogenous and
homogenous reactions modeled in these studies are contained in Table 5.4.

Table 5.4: A summary of reactions and kinetic parameters modeled in the swirling study.

A Ea, J/kmol Reference

Heterogeneous reactions

Devolatilization 382000%* 7.4e+07 [97]

Char combustion: 2Cs + O; = 2CO 0.86** 1.13e+08 [98]
Homogeneous reactions

Volatile combustion: vol = 1.05CO + 1.96H,0 + 2.119e+11*  2.027e+08  [99]

0.0283N, + 0.0082S0;

CO oxidation: 2CO + O; = 2CO; 2.239¢+12*  1.7e+08 [100]

Pre-exponential factor, A, units: *(1/s) / **(kg/m’s Pa)

Table 5.5 provides a complete summary of the different modeling options invoked in this
study. Interphase interaction terms were modeled employing identical phenomenological laws in
both frameworks. Additionally, non-gray effects of gas radiation and the variations in the radiative
properties of the solid phase during combustion were implemented as user-defined functions.

Due to convergence problems in these swirling flames, simulations involving the TFM
framework were first run in a steady state fashion to get an estimated solution. After finding a
reasonable estimation, the simulations were then carried out in an unsteady state fashion (transient)

to find a more accurate prediction.
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Table 5.5: A summary of modeling options invoked in the swirling study.

Physics being modeled

CFD Framework (ANSYS Fluent)

Multiphase hydrodynamics
Turbulence

Coal devolatilization

Gas-phase chemistry
Heterogenous chemistry

Drag law

Radiation transport equation solver
Particle radiative property
Particle scattering phase function
Gas-phase radiative property
Solver

Discretization Schemes

DPM / TFM

SST k-omega

Single-rate

Finite rate/Eddy dissipation
Surface Reactions
Morsi-alexander

Discrete ordinates method
Variable Kaps and Kgeat
Anisotropic (forward scattering)
Perry (5gg) [77]
Pressure-based

Quick for Spatial Discretization
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5.2. Results
5.2.1. Particle Dispersion Differences

The particle size distribution model at the injection point was based on the Rosin-Rammler
distribution shown in Figure 5.4 [91]. For the DPM and TFM simulations, 40 diameter and 1
diameter intervals were used, respectively. The mean Rosin-Rammler distribution particle

diameter of 85-microns was chosen as the TFM’s 1 diameter size.

e Sieve mass fractions

1 - . —Rossin Rammler Curve Fit
. (DPM)

.

Y, = exp((-d,/85)?)

Mass fraction > particle diameter
<
(s}

0 T T T 1
0 50 100 150 200

Particle diameter, microns

Figure 5.4: Particle size distributions and Rosin-Rammler curve fit for the SUFCO sub-
bituminous coal used in the swirling study.

To understand the differences in particle distribution in both DPM and TFM simulations,
the volume fraction of particles was plotted in both simulation frameworks. Figure 5.5 shows the
particle volume fractions in the DPM simulations for the Oxy27 and Oxy70 scenarios. Figure 5.6
shows the particle volume fractions in the TFM simulations for the Oxy27 and Oxy70 scenarios.
Due to the inherent Stokes number limitation (see section 2.1.2 for Stokes number explanation)
associated with the TFM framework where the velocities of all particles associated with the
dispersed phase (irrespective of their size) are assumed to be equal or follow an equilibrium

distribution, the particle dispersion is not as prevalent as seen in the DPM simulations.
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Figure 5.5: Particle volume fractions from the DPM simulations for the swirling study.
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Figure 5.6: Particle volume fractions from the TFM simulations for the swirling study

5.2.2. Temperature and Velocity Profile Comparison

To assess the temperature and velocity characteristics in the swirling oxy-coal combustion
environment, contours of gas temperature and velocity were generated. Additionally, axial gas
temperature and velocity profiles were plotted against experimental measurements. Figure 5.7
shows the gas temperature contours in the DPM and TFM simulations for the Oxy27 (a) and Oxy70
(b) scenarios, respectively. Arrows indicate peak combustion temperatures (PCT). In the Oxy27
case, the PCT predicted by the TFM framework is about 100 K higher than the DPM framework.
PCT predicted in the Oxy70 scenario is much higher than the Oxy27 scenario which is likely due

to the availability of the combustion diluent: CO> (which acts as a heat sink). In the Oxy70
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scenario, the PCT predicted by the TFM framework is about 700 K higher than the DPM

framework.
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Figure 5.7: Contours of gas temperature in the DPM and TFM frameworks in the (a) Oxy27 and
(b) Oxy70 scenarios for the swirling study. Arrows indicate peak combustion temperatures.

Figure 5.8 shows average-weighted temperature profiles from the University of Utah’s
experimental work, the DPM simulations, and the TFM simulations. In Figure 5.8a, both the DPM
and TFM frameworks show later peak temperatures than the data does. In Figure 5.8b, both the

DPM and TFM frameworks predict lower peak temperatures than the data does.
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(b) Oxy70 scenarios for the swirling study.
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Figure 5.9 shows the gas velocity contours from the DPM and TFM simulations for the
Oxy27 (a) and Oxy70 (b) scenarios. Profiles look similar between the frameworks; however, TFM

simulations had a higher velocity maginitue prediciton near the exit of the burner.
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Figure 5.9: Contours of gas velocity in the DPM and TFM frameworks in the (a) Oxy27 and (b)
Oxy70 scenarios for the swirling study.

Figure 5.10 show average-weighted velocity profiles from the University of Utah’s
experimental work, the DPM simulations, and the TFM simulations. In Figure 5.10a, both the
DPM and TFM frameworks show similar data trends; however, both frameworks predicted lower
velocities than the data. In Figure 5.10b, frameworks were less capable in caputring data trends.
Further refinement to both DPM and TFM models may be needed to acurately represent

experiemtnal temperature and velocity trends.
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Figure 5.10: Experimental Data, DPM, and TFM axial velocity profiles in the (a) Oxy27 and (b)
Oxy70 scenarios for the swirling study.
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5.2.3. Summary of Measured and Predicated Boiler Variables

Tables 5.6 and 5.7 show a summary of measured and predicted environmental and ash
variables in the oxy-fuel combustor (OFC) for the Oxy27 and Oxy70 scenarios, respectively.
Predicted variables fell within an accepted range of accuracy for the Oxy27 scenario. However, in
the Oxy70 scenario, the predicted and measured values did not compare well; specifcally, the TFM
framework’s oxygen flue gas concentration prediction and the DPM framework’s ash
concentration predicitons did not compare well with measured values. Further refinement for both
frameworks is needed to accuractely capture experimental measurements.

Table 5.6: A summary of measured and predicted environmental and ash variables in the Oxy27
scenario for the swirling study.

Oxy27 Scenario
Characteristics M d DPM TFM
casure Predicted Predicted

Coal input rate

(ke/hour) 3.46 3.46 3.46
Energy input

) 26 27 27
O fraction in dry flue gas

(vol.%) 3 2.5 1
Flue gas flow rate

(m/hour @ STP) 22.4 243 24.1
Ash concentration at outlet

(e/m’ @ STP) 12.9 10.7 13.3
Ash coglcentratlon at port 6 24 27 35

(g/m’)
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Table 5.7: A summary of measured and predicted environmental and ash variables in the Oxy70
scenario for the swirling study.

Oxy70 Scenario
Characteristics M d DPM TFM
casure Predicted Predicted

Coal input rate

(ke/hour) 3.46 3.46 3.46
Energy input

) 26 27 27
O, fraction in dry flue gas

(vol.%) 3 3.5 13.3
Flue gas flow rate

(m’/hour @ STP) ? 08 1.6
Ash concentration at outlet

(e/m® @ STP) 323 24.2 37.4
Ash coglcentratlon at port 6 58 1.7 4.4

(g/m’)

5.2.4. Radiative Characteristics

Figures 5.11 and 5.12 show the total heat release, ignition zone flux, and radiation zone
flux in the DPM and TFM simulations, respectively. In both figures, the first bar on the left shows
participation of gas, particle, and wall radiation. The middle bar shows just particle and wall
radiation participation. The right bar shows just wall radiation participation. Radiation was the
dominant mode of heat transfer with 70% to 90% of the total wall heat transfer due to radiation.
Radiation from the participating gases accounted for 75% of the radiative heat transfer. Both

modeling frameworks showed similar results.
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Figure 5.11: The fraction of total flux attributed to radiative heat transfer in the oxy-coal flames
for the Oxy27 (a) and the Oxy70 (b) DPM simulations for the swirling study.
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Figure 5.12: The fraction of total flux attributed to radiative heat transfer in the oxy-coal flames
for the Oxy27 (a) and the Oxy70 (b) TFM simulations for the swirling study.
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CHAPTER 6

SUMMARY

6.1.  Conclusions
In conclusion, these studies highlight the importance of model choice when utilizing
computational fluid dynamics for characterizing multiphase flows in oxy-fuel combustion
environments.
6.1.1 2D, Non-Swirling Oxy-Coal Flame Stand-off Study
The ability of multiphase modeling frameworks (DPM and TFM) to capture the
experimentally observed flame ignition/stand-off characteristics in non-swirling oxy-coal flames
(measured at the University of Utah) were investigated in this study. The interphase interaction
terms were modeled employing identical phenomenological laws across both frameworks. First,
simulations of inert particles were carried out and were found to yield identical predictions of
particle velocities and heat-up across both frameworks. Next, user-defined functions (UDFs) were
utilized in the TFM framework to model the diffusional and kinetic resistances associated with the
heterogeneous char oxidation. In the DPM framework, non-gray effects of gas radiation and the
variations in the radiative properties of the solid phase during combustion were also implemented
as UDFs. Based on the results of this study, the following conclusions can be drawn:
1. The particle, gas temperatures and their velocities reached identical values (equilibrated) at
the end of the radiant zone.
2. The DPM approach was unable to capture the experimentally observed trends for flame stand-
off as a function of oxygen concentration in the primary burner.
3. The TFM approach was able to capture the experimentally observed trends for flame stand-

off as a function of oxygen concentration in the primary burner.
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4. Experimentally observed effects of primary air composition, secondary air temperature and
wall temperature on flame stand-off were also captured reasonably well by TFM simulations.

5. Radiation was the dominant mode of heat transfer with the radiant heat loss fraction
(Radiative heat loss/Total chemical heat release) determined to be 0.6 for both flames.

6. Radiation from the participating gases accounted for 75% of the radiative heat transfer.

7. The incident radiative flux predictions were in good agreement with measured values from

similar flames in this furnace.

6.1.2 2D, Swirling Oxy-Coal Flame Study

The ability of multiphase modeling frameworks (DPM, TFM) to capture the experimentally
observed temperature, velocities, ash concentrations, and radiative heat transfer characteristics in
swirling oxy-coal flames (measured at the University of Utah) were investigated in this study to
enable their extension to study ash deposition processes. The interphase interaction terms were
modeled employing identical phenomenological laws across both frameworks. User-defined
functions (UDFs) were utilized in the TFM framework to model the diffusional and kinetic
resistances associated with the heterogeneous char oxidation. In the DPM framework, non-gray
effects of gas radiation and the variations in the radiative properties of the solid phase during
combustion were also implemented as UDFs. Based on the results of this study, the following

conclusions can be drawn:
1. Particle dispersion is not as prevalent in the TFM simulations as seen in the DPM simulations.
2. A preliminary analysis of temperature/velocity profiles and ash concentrations suggests that

further refinement may be needed for the TFM and DPM frameworks in these swirling flows.
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3. Radiation was the dominant mode of heat transfer with the radiant heat loss fraction
(Radiative heat loss/Total chemical heat release) determined to be in the range of 0.7-0.9 for
both flames.

4. Radiation from the participating gases accounted for 75% of the radiative heat transfer.

6.2. Future Work

The modeling methodologies and frameworks developed in this thesis can be used to
enable investigation into other areas of interest; specifically, an investigation of experimental
biomass studies, ash deposition processes in both the DPM and TFM frameworks, and further
refinement to the TFM framework.

Coal-biomass oxy-combustion experiments at higher pressures were carried out by partner
Chinese Universities. Based on the data collected, a similar analysis to understand deposition and
radiative transfer can be carried out.

CCSEM data of the parent fuels in conjunction with Rossin-Rammler curve fits to the size
distributions were originally going to be employed to simulate coal combustion using a particle
tracking methodology. The CCSEM data is unfortunately not available. However, to provide a
rough estimation of this ash deposition process, particle tracks can be post-processed via:

1. An in-house slag model that will employ a particle capture criterion (that is based on the
ash particle composition, density, viscosity and surface tension) to capture the ash at the walls.
This model will help predict the slag composition and thickness.

2. An ash vaporization model developed at UND that will be employed to predict the PM;
compositions and amounts at the outlet.

Additionally, in the TFM framework, coagulation and nucleation models can be implemented to

model the ash deposition process.
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Finally, further refinement of the TFM model is needed; specifically, particle dispersion

models need to be analyzed and improved.
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