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ABSTRACT

Oxy-combustion is one of the most competitive technologies for retrofitting existing
pulverized coal-fired power plants to facilitate carbon capture and sequestration processes to
reduce fossil fuel-derived carbon dioxide emissions into the atmosphere. However, one of the
obstacles hindering the widespread commercialization of this technology is the need to
recirculate large volumes of flue gas to the boiler. Second generation atmospheric pressure
oxy-combustion technologies have been developed to reduce the volume of recirculated flue
gas by using high oxygen concentrations in the inlet oxidizer streams. However, recent
experiments have shown that an increased ash deposition propensity is associated with these
oxygen-enriched environments. This increase has been primarily attributed to aerodynamic
effects, namely the higher ash concentrations associated with the reduction in flue gas
volumetric flow rates and ash particle size distribution variations possibly due to a more
intense combustion at the higher temperatures in the oxygen-enriched environments. Since
the Stokes number and impaction efficiencies both decrease as velocity decreases for a fixed
particle size, ash deposition rates under oxy-combustion conditions should be lower than
those under air combustion conditions. The primary hypothesis of this thesis is that the ash
particle size distribution variations is the aerodynamic effect that most influences numerical

predictions of ash impaction and outside ash deposition rates.

In order to test this hypothesis, 25 highly resolved numerical simulations of well-
characterized pulverized coal combustion tests that were performed at The University of
Utah under air combustion, first generation oxy-combustion, and second generation
atmospheric pressure oxy-combustion conditions were completed. Two different coal types

from the combustion tests were examined in these numerical simulations: a non-swelling,

XX



sub-bituminous Powder River Basin coal and a swelling, bituminous Utah Sufco coal. The
measured outside ash deposition rates from the Utah Sufco coal combustion tests were
approximately 5x larger than the outside ash deposition rates from the Powder River Basin
coal combustion tests. Additionally, the outside ash deposition rates of the second generation
atmospheric pressure oxy-combustion tests were approximately 2x and 3x larger than the
outside ash deposition rates of the air combustion tests for the Powder River Basin coal and
the Utah Sufco coal, respectively. The outside ash deposition rates were measured at a
location within the experimental apparatus where the flow was predominantly laminar and
complete combustion had been achieved. In all 25 numerical simulations, predictions of
temperature, velocity, and flue gas volumetric flow rate agreed well with the respective

experimental measurements and estimates.

The first 13 numerical simulations were completed for a sensitivity study of Powder
River Basin coal combustion to investigate the effect of changing 3 different parameters on
predicted ash impaction rates: 1) the number of bins, or resolution, specified for the inlet coal
particle size distribution model, 2) the model for the coal density-diameter variations
(shrinking core versus shrinking sphere), and 3) the inlet coal particle size distribution model
(to account for the significant variations in the measured sieve mass fractions of the larger
sized particles). The following combustion conditions were investigated: AIR, 27 vol%
oxygen with 73 vol% carbon dioxide (OXY27), and 50 vol% oxygen with 50 vol% carbon
dioxide (OXY50). The ability of these numerical simulations to accurately predict the outside

ash deposition rates from the Powder River Basin coal combustion tests was also evaluated.

The predicted ash impaction rate showed an obvious sensitivity to all three numerical

simulation parameters, which supported the hypothesis of this thesis and reaffirmed the
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recent findings that numerical ash impaction rate predictions are critically dependent upon
numerical ash particle size distribution predictions. 120 bins were deemed necessary for
accurately resolving the inlet coal particle size distribution, which is significantly larger than
the 40 to 80 bins that have been reported in the ash deposition literature. The measured trends
in the outside ash deposition rates from the Powder River Basin coal combustion tests could
not be accurately predicted (qualitatively and quantitatively) by these numerical simulations
despite using established best Reynolds-averaged Navier-Stokes simulation practices. This
was attributed to the overestimation of the impaction and deposition rates on the leeward side
of the probe likely due to the unavailability of an accurate fly ash particle size distribution.
The accuracy of the predictions may be improved with the availability of fly ash particle size
distribution data in the 10-400 um range and incorporating/modeling this distribution in the

numerical simulations.

The remaining 12 numerical simulations were completed to investigate the effect of
changing 3 different parameters on predictions of outside ash deposition rates for the Utah
Sufco coal: 1) the swelling coefficient of the combusting particle, 2) the spread parameter of
the inlet coal particle size distribution model, and 3) the mean diameter of the inlet coal
particle size distribution model. The following combustion conditions were investigated:
AIR, 27 vol% oxygen with 73 vol% carbon dioxide (OXY27), and 70 vol% oxygen with 30
vol% carbon dioxide (OXY70). Again, the predicted ash deposition rates were noticeably
affected by changing any of these three parameters. 120 bins were deemed necessary for
accurately resolving the inlet coal particle size distribution. Utilizing accurate inlet coal
particle size distribution measurements in the numerical simulations could not predict the

outside ash deposition rates from the Utah Sufco coal combustion tests, which further

xXxii



supported the hypothesis of this thesis and reaffirmed the recent findings that numerical ash
deposition predictions are critically dependent upon numerical ash particle size distribution
predictions. However, the measured ash deposition trends could be replicated successfully
when the swelling coefficient and spread parameter were adjusted such that the measured and
simulated ash deposit particle size distributions matched. For the range of velocities
investigated in this research (0.2-1 m/s), measurements of the fly ash particle size distribution
in the 10-400 pum range were identified as a critical variable influencing the deposition rate

predictions in the numerical simulation of these experimental combustion tests.
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CHAPTER 1

INTRODUCTION

1.1. Motivation and Purpose

The motivation behind the research presented in this thesis is to contribute to the
urgent need to numerically predict ash deposition on boiler heat transfer surfaces in advance
for the near-term implementation of the oxy-combustion technology in existing pulverized
coal-fired power plants [1-3]. Ash deposition on boiler heat transfer surfaces is detrimental
because it causes numerous problems, including, but not limited to, reduced heat transfer
rates and boiler efficiency, increased boiler tube corrosion, and, in some cases, unscheduled
and costly boiler shutdowns [4-7]. Therefore, the ability to numerically predict ash deposition
on boiler heat transfer surfaces in advance is anticipated to expedite the implementation of

the oxy-combustion technology in existing pulverized coal-fired power plants.

The research presented in this thesis contributes toward fulfilling the aforementioned
need by ascertaining that ash particle size distribution (PSD) variations are the primary
variable influencing the accuracy of numerical predictions of ash impaction and outside ash
deposition rates. This is a meaningful contribution because variations in the ash PSD are
often ignored in numerical simulations of ash impaction and deposition since the changes to
the inlet coal PSD that occur due to the different physio-chemical transformations a coal
particle experiences during combustion cannot be inherently accounted for in the commonly
used Euler-Lagrange approach. Some numerical models have been developed to simulate the
physio-chemical transformations and resultant changes to the inlet coal PSD [8, 9], but these

models, such as fragmentation and their corresponding parameters, are usually coal-specific



and, therefore, cannot be employed universally. In the research presented in this thesis, a
novel numerical simulation strategy is utilized to overcome the inability of the Euler-
Lagrange approach to capture the changes to the inlet coal PSD, thereby providing a unique
opportunity to investigate the influence of the ash PSD variations on ash impaction and

outside ash deposition rates.

The novel numerical simulation strategy utilized in the research presented in this
thesis is adjusting the swelling coefficient of the combusting particle and the numerical
simulation parameters that directly alter the inlet coal PSD with the aim of matching the
measured ash deposit PSD without significantly altering the flow field (temperature and
velocity) near the deposition surface. Since this strategy has not been extensively
implemented, its effect on the numerical predictions of ash impaction and outside ash
deposition rates for different coal types under air combustion, first generation oxy-
combustion, and second generation atmospheric pressure oxy-combustion conditions is not
well understood. Therefore, the overarching purpose of the research presented in this thesis is
investigating the effects of adjusting the swelling coefficient of the combusting particle and
the numerical simulation parameters that directly alter the inlet coal PSD on numerical
predictions of ash impaction and outside ash deposition rates for the Powder River Basin
(PRB) and Utah Sufco coals under air combustion, first generation oxy-combustion, and
second generation atmospheric pressure oxy-combustion conditions. This purpose was
achieved by completing highly resolved numerical simulations of well-characterized
pulverized coal combustion tests performed by researchers from the Department of Chemical
Engineering and Institute for Clean and Secure Energy at The University of Utah [10, 11].

The PRB and Utah Sufco coals were chosen because they were the only coals from the



experimental combustion tests performed at The University of Utah [10, 11] combusted
under air combustion, first generation oxy-combustion, and second generation atmospheric
pressure oxy-combustion conditions. To the best of the author’s knowledge, the research
presented in this thesis is the first to utilize the novel strategy described at the beginning of
this paragraph to investigate the influence of the ash PSD variations on ash impaction and
outside ash deposition rates for two different coal types under air and oxy-combustion

conditions.

1.2. Thesis Organization

The remainder of this thesis is organized into four distinct chapters. Chapter 2
provides background information on the main topics examined in this thesis, namely oxy-
combustion, ash deposit formation processes and mechanisms, and numerical simulation of
ash impaction and deposition. Chapter 3 contains the numerical simulation work of the three
experimental PRB combustion tests [10, 11]. The primary focus of Chapter 3 is a sensitivity
study investigating the effect of changing three separate numerical simulation parameters that
directly alter the inlet PRB coal PSD on predictions of ash impaction rates. The swelling
coefficient of the combusting PRB coal particle is not altered in Chapter 3 because the PRB
coal is non-swelling. Although the sensitivity study is the primary focus of Chapter 3,
numerical predictions of outside ash deposition rates are compared against experimental
measurements of outside ash deposition rates [10, 11]. Chapter 4 contains the numerical
simulation work of the three experimental Utah Sufco coal combustion tests [10, 11]. The
primary focus of Chapter 4 is investigating the effect of changing the swelling coefficient of
the combusting Utah Sufco coal particle and two separate numerical simulation parameters

that directly alter the inlet Utah Sufco coal PSD on predictions of the experimentally



measured outside ash deposition rates [10, 11]. The swelling coefficient of the combusting
Utah Sufco coal particle is altered in Chapter 4 because the Utah Sufco coal swells during
devolatilization. Finally, Chapter 5 contains a summary of the main results and conclusions
from Chapters 3 and 4 as well as suggestions for future numerical simulation work utilizing

the novel approach described in this research.
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CHAPTER 2

BACKGROUND

2.1. Global Warming and Oxy-Combustion

The Earth’s temperature has been rising steadily since the Industrial Revolution and
one of the main reasons why is the increasing levels of carbon dioxide emitted into the
atmosphere from the combustion of coal for electricity generation [1]. Reducing the carbon
dioxide emissions from pulverized coal-fired power plants is considered a vital step for
slowing global warming. A promising approach for achieving this reduction is the carbon
capture and sequestration process [1]. In this process, the carbon dioxide generated from the
coal combustion is captured and stored deep underground in various suitable geological
formations to prevent emission into the atmosphere [2]. The candidate technologies
developed to date fall into three categories: pre-combustion capture, post combustion
capture, or post combustion capture facilitated by oxy-combustion [1, 2]. Post combustion
capture facilitated by oxy-combustion is one of the most competitive technologies for
retrofitting existing pulverized coal-fired power plants to enable the carbon capture and

sequestration process [1, 3, 4]. Therefore, this technology is researched in this work.

In oxy-combustion, the coal is burned with a mixture of oxygen and recycled flue gas,
comprised mostly of carbon dioxide and water vapor, as the oxidizer instead of air [1, 5]. The
oxygen is obtained by feeding air through an air separation unit (ASU) where the nitrogen is
removed and the resulting oxygen is mixed with recycled flue gas. The mixture of oxygen
and recycled flue gas is then injected with coal into the boiler [2]. The excess flue gas that is

not recycled to adjust the boiler’s temperature has a very low concentration of nitrogen and is



cooled to condense the water vapor [2]. As a result, a nearly pure stream of carbon dioxide is

generated that undergoes compression for geological sequestration [1, 5].

There are three categories of oxy-combustion: first generation oxy-combustion,
second generation atmospheric pressure oxy-combustion, and second generation pressurized
oxy-combustion [6]. First generation oxy-combustion processes are carried out under
atmospheric pressure and can utilize various amounts of recycled flue gas [5, 6]. When the
inlet oxidizer concentration is 25-30 vol% oxygen with the balance being carbon dioxide,
flame temperatures and heat fluxes similar to those of air combustion are produced [6-8]. In
this work, first generation oxy-combustion was represented by an oxidizer comprised of 27
vol% oxygen and 73 vol% carbon dioxide. Second generation oxy-combustion processes are
being developed to minimize the power plant energy and efficiency penalties incurred from
the ASU, flue gas recirculation system, and carbon dioxide compression and purification unit
[6, 7]. In second generation atmospheric pressure oxy-combustion processes higher flame
temperatures are experienced allowing the amount of recycled flue gas to be minimized and
higher oxygen concentrations in the inlet oxidizer stream to be used [6, 7]. Reducing the
amount of recycled flue gas decreases the cost associated with the flue gas recirculation
system [6]. The higher flame temperatures also increase the radiative and convective heat
transfer efficiencies within the boiler [6, 7]. In this work, second generation atmospheric
pressure oxy-combustion was represented by an oxidizer comprised of either 50 vol%
oxygen and 50 vol% carbon dioxide or 70 vol% oxygen and 30 vol% carbon dioxide. Second
generation pressurized oxy-combustion processes are carried out under pressures of 15-20
atmospheres with little to no recycled flue gas [6]. This category of oxy-combustion was not

considered in this work and will not be discussed further.



2.2. Ash Deposit Formation Processes and Mechanisms

Although oxy-combustion is a promising solution for reducing the carbon dioxide
emissions from pulverized coal-fired power plants, one of the obstacles making widespread
commercialization of this technology difficult is the general increase of ash deposition on
boiler heat transfer surfaces due to the higher ash concentrations and lower gas velocities
caused by the higher oxygen concentrations in the inlet oxidizer streams [9-12]. Ash
deposition on boiler heat transfer surfaces is detrimental because it causes numerous
problems, including, but not limited to, reduced heat transfer rates and boiler efficiency,
increased boiler tube corrosion, and, in some cases, unscheduled and costly boiler shutdowns
[13-16]. The overall ash deposition rate depends on three processes: formation of ash
particles, transportation and deposition of the ash particles on a boiler heat transfer surface,
and the ash particles sticking to or rebounding from the boiler heat transfer surface upon
impaction [17, 18]. Formation of ash particles is not within the scope of this work and will
not be discussed further. Therefore, the discussion in this section will focus on the
transportation and deposition of the ash particles on a boiler heat transfer surface and the ash

particles sticking to or rebounding from the boiler heat transfer surface upon impaction.

2.2.1. Transportation and Deposition of the Ash Particles on a Boiler Heat Transfer Surface
In a comprehensive ash deposition review article, Kleinhans et al. [19] identified six
mechanisms that govern the transportation and deposition of the ash particles on a boiler heat
transfer surface. These six mechanisms are: inertial impaction, thermophoresis, eddy
deposition on the front side of the boiler heat transfer surface facing toward the flue gas flow,
eddy deposition on the back side of the boiler heat transfer surface facing away from the flue

gas flow, condensation, and chemical reaction [19]. These mechanisms are illustrated in






Figure 4.9. Comparison of the Predicted Outside Ash Deposit PSD from Numerical
Simulation XI Against the Experimentally Measured Outside Ash Deposit PSD [15] Under
the OXY70 Combustion Condition

Figure 4.10. Comparison of the Predicted Outside Ash Deposit PSD from Numerical
Simulation X1l Against the Experimentally Measured Outside Ash Deposit PSD [15] Under
the OXY70 Combustion Condition
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Figure 4.11. Comparison of the Predicted Outside Ash Deposit PSDs from Numerical
Simulations X1 and XII

Ash deposition under the OXY27 combustion condition was investigated in
numerical simulations V-VIII. A preliminary simulation, numerical simulation V, was
completed to establish a baseline ash deposition prediction for this combustion condition by
using the standard swelling coefficient (1.2) for bituminous coals [30] and a spread parameter
(6) and mean diameter (80 pm) that resulted in a Rosin-Rammler distribution function
representative of the inlet Utah Sufco coal PSD [15]. As shown in Table 4.9, using an
accepted bituminous coal swelling coefficient and a well-characterized Rosin-Rammler
distribution function of the inlet Utah Sufco coal PSD [15] resulted in a predicted outside ash
deposit growth rate that differed by approximately 110% from the experimentally measured
outside ash deposit growth rate from the OXY27 combustion test [7, 15]. Therefore, in an
attempt to accurately predict the experimentally measured outside ash deposit growth rate [7,

15], numerical simulation VI was completed in which the swelling coefficient was increased
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to 1.4 while the spread parameter and mean diameter remained at 6 and 80 um, respectively.
As previously mentioned, increased swelling of a bituminous coal has been observed under
oxy-combustion conditions likely due to a more intense devolatilization in the presence of
oxygen enrichment [30, 31]. As shown in Table 4.9, increasing the swelling coefficient
resulted in a more inaccurate outside ash deposit growth rate prediction. In fact, the predicted
outside ash deposit growth rate from numerical simulation V1 differed by approximately
130% from the experimentally measured outside ash deposit growth rate from the OXY27
combustion test [7, 15]. Therefore, using a higher swelling coefficient may only be
applicable in the significantly oxygen-enriched environment of the OXY70 combustion

condition.

As with numerical simulations IX and X under the OXY70 combustion condition,
one possible explanation for the inaccurate outside ash deposit growth rate predictions from
numerical simulations V and VI is, as shown in Figure 4.12, the poor agreement between the
experimentally measured outside ash deposit PSD [15] and the predicted outside ash deposit
PSDs. Figure 4.12, like Figure 4.7, shows the predicted outside ash deposit PSDs conformed
closely to the fairly narrow Rosin-Rammler distribution function of the inlet Utah Sufco coal
PSD [15], however, due to the swelling coefficients of 1.2 and 1.4 used in numerical
simulations V and VI, respectively, the ash particles’ diameters increased by 20% and 40%,
respectively, during devolatilization. As a result, the predicted outside ash deposit PSDs were
shifted to larger diameters relative to the inlet Utah Sufco coal Rosin-Rammler distribution
function. Like Figure 4.7, Figure 4.12 also shows agglomeration and particle growth
processes occurred during the combustion process because the Rosin-Rammler distribution

function of the inlet Utah Sufco coal PSD [15] was comprised of particles with diameters
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between 30 and 100 um only, whereas almost 25 wt% of the experimentally measured
outside ash deposit PSD [15] was comprised of particles with diameters 100 um or larger.
Since the predicted outside ash deposit PSDs conformed closely to the fairly narrow Rosin-
Rammler distribution function of the inlet Utah Sufco coal PSD [15] and not the
experimentally measured outside ash deposit PSD [15], the agglomeration and particle
growth processes could not be numerically simulated by simply increasing the swelling
coefficient. The shift of the predicted outside ash deposit PSDs to the larger diameters may
also explain why the predicted outside ash deposit growth rate from numerical simulation VI
was higher than the predicted outside ash deposit growth rate from numerical simulation V
because, as explained previously, there were likely more larger diameter particles impacting
and, thus, depositing on the ash deposit probe. Nevertheless, the poor agreement between the
experimentally measured outside ash deposit PSD [15] and the predicted outside ash deposit
PSDs may explain the inaccurate predictions of the experimentally measured outside ash
deposit growth rate from numerical simulations V and VI because, as before,
Krishnamoorthy et al. [17] and Beckmann et al. [18] demonstrated numerical ash deposition

predictions were critically dependent upon numerical ash PSD predictions.
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Figure 4.12. Comparison of the Predicted Outside Ash Deposit PSDs from Numerical
Simulations V and VI Against the Experimentally Measured Outside Ash Deposit PSD [15]
Under the OXY27 Combustion Condition

In an attempt to numerically simulate the agglomeration and particle growth

processes occurring during the combustion process [17], numerical simulation VII was

completed in which the spread parameter was decreased to 1.1 while the swelling coefficient

and mean diameter remained at 1.2 and 80 pum, respectively. As previously mentioned,

decreasing the spread parameter increased the width of the Rosin-Rammler distribution

function of the inlet Utah Sufco coal PSD [15], which resulted in the DPM surface injection

containing a wider range of particle diameters [19]. As shown in Table 4.9, using a spread

parameter of 1.1 resulted in a more accurate, but still erroneous, outside ash deposit growth

rate prediction. In fact, the predicted outside ash deposit growth rate from numerical

simulation V11 only differed by approximately 14% from the experimentally measured

outside ash deposit growth rate from the OXY27 combustion test [7, 15]. The improved
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accuracy of the predicted outside ash deposit growth rate from numerical simulation VII is
attributed to the good agreement between the experimentally measured outside ash deposit
PSD [15] and the predicted outside ash deposit PSD shown in Figure 4.13, thereby
reaffirming the observations of Krishnamoorthy et al. [17] and Beckmann et al. [18] that
numerical ash deposition predictions are critically dependent upon numerical ash PSD

predictions.
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Figure 4.13. Comparison of the Predicted Outside Ash Deposit PSD from Numerical
Simulation VII Against the Experimentally Measured Outside Ash Deposit PSD [15] Under
the OXY27 Combustion Condition

In an attempt to more accurately predict the experimentally measured outside ash
deposit PSD and growth rate of the outside ash deposits, numerical simulation VIII was
completed in which the mean diameter was increased to 100 um while the swelling
coefficient and spread parameter remained at 1.2 and 1.1, respectively. As shown in Table

4.9, increasing the mean diameter from 80 um to 100 um did not change or improve the
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accuracy of the outside ash deposit growth rate prediction despite the decent agreement
between the experimentally measured outside ash deposit PSD [15] and the predicted outside
ash deposit PSD from numerical simulation VIII as shown in Figure 4.14. In theory, the
predicted outside ash deposit growth rate should have increased because the predicted outside
ash deposit PSD should have shifted to larger diameters when the mean diameter increased
from 80 um to 100 um. However, as shown in Figure 4.15, the predicted outside ash deposit
PSD shifted to smaller diameters when the mean diameter increased from 80 pm to 100 um.
This result is not yet fully understood and further investigation is required to ascertain the
cause of the predicted outside ash deposit PSD from numerical simulation V111 shifting to
smaller, instead of larger, diameters. Overall, increasing the mean diameter did not change or
improve the accuracy of the predicted outside ash deposit growth rate under the OXY27

combustion condition.
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Ash deposition under the AIR combustion condition was investigated in numerical
simulations I-1V. A preliminary simulation, numerical simulation I, was completed to
establish a baseline ash deposition prediction for this combustion condition by using the
standard swelling coefficient (1.2) for bituminous coals [30] and a spread parameter (6) and
mean diameter (80 um) that resulted in a Rosin-Rammler distribution function representative
of the inlet Utah Sufco coal PSD [15]. As shown in Table 4.9, using an accepted bituminous
coal swelling coefficient and a well-characterized Rosin-Rammler distribution function of the
inlet Utah Sufco coal PSD [15] resulted in a predicted outside ash deposit growth rate that
differed by approximately 150% from the experimentally measured outside ash deposit
growth rate from the AIR combustion test [7, 15]. Therefore, in an attempt to accurately
predict the experimentally measured outside ash deposit growth rate [7, 15], numerical
simulation Il was completed in which the swelling coefficient was increased to 1.4 while the
spread parameter and mean diameter remained at 6 and 80 pm, respectively. Although
increased swelling of a bituminous coal has been observed under oxy-combustion conditions
likely due to a more intense devolatilization in the presence of oxygen enrichment [30, 31], a
simulation with a swelling coefficient of 1.4 under the AIR combustion condition was
completed for comparison purposes. As shown in Table 4.9, increasing the swelling
coefficient resulted in a more inaccurate outside ash deposit growth rate prediction. In fact,
the predicted outside ash deposit growth rate from numerical simulation Il differed by
approximately 250% from the experimentally measured outside ash deposit growth rate from
the AIR combustion test [7, 15]. Therefore, as previously mentioned, using a higher swelling
coefficient may only be applicable in the significantly oxygen-enriched environment of the

OXY70 combustion condition.
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As with numerical simulations IX and X under the OXY70 combustion condition and
numerical simulations V and VI under the OXY?27 combustion condition, one possible
explanation for the inaccurate outside ash deposit growth rate predictions from numerical
simulations I and Il is, as shown in Figure 4.16, the likely poor agreement between
measurements of the outside ash deposit PSD for the experimental AIR combustion test [15]
and the predicted outside ash deposit PSDs. Measurements of the outside ash deposit PSD for
the experimental AIR combustion test [7, 15] were not reported. However, since the
temperatures and residence times in the AIR and OXY27 combustion tests were similar (see
Figures 4.4 and 4.5), the outside ash deposit PSD from the AIR combustion test is anticipated
to be similar to the experimentally measured outside ash deposit PSD from the OXY27
combustion test shown in Figures 4.12-4.15. Figure 4.16, like Figures 4.7 and 4.12, shows
the predicted outside ash deposit PSDs conformed closely to the fairly narrow Rosin-
Rammler distribution function of the inlet Utah Sufco coal PSD [15], however, due to the
swelling coefficients of 1.2 and 1.4 used in numerical simulations I and 11, respectively, the
ash particles’ diameters increased by 20% and 40%, respectively, during devolatilization. As
a result, the predicted outside ash deposit PSDs were shifted to larger diameters relative to
the inlet Utah Sufco coal Rosin-Rammler distribution function. If measurements of the
outside ash deposit PSD for the experimental AIR combustion test were reported, it is likely
Figure 4.16, like Figures 4.7 and 4.12, would also show agglomeration and particle growth
processes occurred during the combustion process. Since the predicted outside ash deposit
PSDs conformed closely to the fairly narrow Rosin-Rammler distribution function of the
inlet Utah Sufco coal PSD [15], the likely agglomeration and particle growth processes

probably could not be numerically simulated by simply increasing the swelling coefficient.
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The shift of the predicted outside ash deposit PSDs to the larger diameters may also explain
why the predicted outside ash deposit growth rate from numerical simulation 11 was higher
than the predicted outside ash deposit growth rate from numerical simulation | because, as
explained previously, there were likely more larger diameter particles impacting and, thus,
depositing on the ash deposit probe. Nevertheless, the probable poor agreement between the
unreported measurements of the outside ash deposit PSD for the experimental AIR
combustion test [15] and the predicted outside ash deposit PSDs may explain the inaccurate
predictions of the experimentally measured outside ash deposit growth rate from numerical
simulations I and Il because, as before, Krishnamoorthy et al. [17] and Beckmann et al. [18]
demonstrated numerical ash deposition predictions were critically dependent upon numerical

ash PSD predictions.

1.0
-1 N T Rosin-Rammler Distribution

FS, Function of Inlet Utah Sufco
= 0s | Coal PSD Measurements [15]
g | \R e Simulation I Prediction of
A \ Deposited Ash PSD
J1B]
206
E N ----- Simulation II Prediction of
A ‘1' Deposited Ash PSD
04 F \
- \
g \
[—: 02 B ‘|
% “
= Yy = exp((-d,/30)°) \

0 0 I I “ I I

0 50 100 150 200 250

Particle Diameter (um)

Figure 4.16. Predicted Outside Ash Deposit PSDs from Numerical Simulations I and 11
Under the AIR Combustion Condition
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In an attempt to numerically simulate the probable agglomeration and particle growth
processes occurring during the combustion process [17], numerical simulation I11 was
completed in which the spread parameter was decreased to 1.1 while the swelling coefficient
and mean diameter remained at 1.2 and 80 pum, respectively. As previously mentioned,
decreasing the spread parameter increased the width of the Rosin-Rammler distribution
function of the inlet Utah Sufco coal PSD [15], which resulted in the DPM surface injection
containing a wider range of particle diameters [19]. As shown in Table 4.9, using a spread
parameter of 1.1 resulted in a more accurate, but still erroneous, outside ash deposit growth
rate prediction. In fact, the predicted outside ash deposit growth rate from numerical
simulation I11 differed by approximately 60% from the experimentally measured outside ash
deposit growth rate from the AIR combustion test [7, 15]. The improved accuracy of the
predicted outside ash deposit growth rate from numerical simulation 111 is attributed to the
likely good agreement between the unreported measurements of the outside ash deposit PSD
for the experimental AIR combustion test [15] and the predicted outside ash deposit PSD
shown in Figure 4.17, thereby probably reaffirming the observations of Krishnamoorthy et al.
[17] and Beckmann et al. [18] that numerical ash deposition predictions are critically

dependent upon numerical ash PSD predictions.
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Figure 4.17. Predicted Outside Ash Deposit PSD from Numerical Simulation I11 Under the
AIR Combustion Condition

In an attempt to more accurately predict the experimentally measured growth rate of
the outside ash deposits, numerical simulation IV was completed in which the mean diameter
was increased to 100 um while the swelling coefficient and spread parameter remained at 1.2
and 1.1, respectively. As shown in Table 4.9, increasing the mean diameter resulted in a
predicted outside ash deposit growth rate that differed by approximately 70% from the
experimentally measured outside ash deposit growth rate from the AIR combustion test [7,
15]. Therefore, despite the predicted outside ash deposit PSD from numerical simulation 1V
likely agreeing well with the unreported measurements of the outside ash deposit PSD for the
experimental AIR combustion test [15] as shown in Figure 4.18, simply increasing the mean
diameter did not improve the accuracy of the predicted outside ash deposit growth rate. As
with numerical simulation XI1 under the OXY70 combustion condition, one possible

explanation for the more inaccurate outside ash deposit growth rate prediction from

138



numerical simulation 1V is, as shown in Figure 4.19, the predicted outside ash deposit PSD

shifted to larger diameters when the mean diameter increased from 80 pm to 100 um. Since

inertial impaction of the larger diameter particles was the dominant mechanism governing the

ash deposition process [7, 13-16] and the low gas velocities within the vertical section of the

OFC (< 1 meter per second) favored the impaction of the larger diameter particles, it is

possible the predicted outside ash deposit growth rate increased as the mean diameter

increased because there were more larger diameter particles impacting and, thus, depositing

on the ash deposit probe.
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Figure 4.18. Predicted Outside Ash Deposit PSD from Numerical Simulation IV Under the
AIR Combustion Condition
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4.4. Conclusions

The predicted temperatures, velocities, and flue gas volumetric flow rates from all 12
numerical simulations agreed well with the respective experimental measurements and
estimates. These results demonstrated the adequacy of the numerical simulation
methodologies utilized in this work. Based on these results, it was concluded acceptable
temperature, velocity, and flue gas volumetric flow rate predictions could be generally
obtained in this work irrespective of the swelling coefficient, spread parameter, and mean

diameter used.

Ash deposition under the AIR combustion condition was investigated in numerical
simulations I-1V. Using an accepted bituminous coal swelling coefficient of 1.2 and a well-
characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal PSD resulted

in a predicted outside ash deposit growth rate that differed by approximately 150% from the
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experimentally measured outside ash deposit growth rate from the AIR combustion test.
Increasing the swelling coefficient resulted in a more inaccurate outside ash deposit growth
rate prediction. Based on these results, it was concluded the inaccurate outside ash deposit
growth rate predictions were probably due to the likely poor agreement between the
unreported measurements of the outside ash deposit PSD for the experimental AIR
combustion test and the predicted outside ash deposit PSDs. Decreasing the spread parameter
to 1.1 resulted in a predicted outside ash deposit growth rate that differed by approximately
60% from the experimentally measured outside ash deposit growth rate from the AIR
combustion test. The improved accuracy of the predicted outside ash deposit growth rate was
attributed to the likely good agreement between the unreported measurements of the outside
ash deposit PSD for the experimental AIR combustion test and the predicted outside ash
deposit PSD. Based on this result, it was concluded numerical ash deposition predictions are
probably critically dependent upon numerical ash PSD predictions, thereby likely reaffirming
the observations of Krishnamoorthy et al. [17] and Beckmann et al [18]. Increasing the mean
diameter increased the inaccuracy of the predicted outside ash deposit growth rate despite the
predicted outside ash deposit PSD probably agreeing well with the unreported measurements
of the outside ash deposit PSD for the experimental AIR combustion test. Based on this
result, it was concluded the inaccuracy of the predicted outside ash deposit growth rate was
possibly due to more larger diameter particles impacting and, thus, depositing on the ash

deposit probe.

Ash deposition under the OXY27 combustion condition was investigated in
numerical simulations V-VIII. Using an accepted bituminous coal swelling coefficient of 1.2

and a well-characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal
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PSD resulted in a predicted outside ash deposit growth rate that differed by approximately
110% from the experimentally measured outside ash deposit growth rate from the OXY27
combustion test. Increasing the swelling coefficient resulted in a more inaccurate outside ash
deposit growth rate prediction. Based on these results, it was concluded the inaccurate
outside ash deposit growth rate predictions were due to the poor agreement between the
experimentally measured outside ash deposit PSD and the predicted outside ash deposit
PSDs. Decreasing the spread parameter to 1.1 resulted in a predicted outside ash deposit
growth rate that differed by approximately 14% from the experimentally measured outside
ash deposit growth rate from the OXY27 combustion test. The improved accuracy of the
predicted outside ash deposit growth rate was attributed to the good agreement between the
experimentally measured outside ash deposit PSD and the predicted outside ash deposit PSD.
Based on this result, it was concluded numerical ash deposition predictions are critically
dependent upon numerical ash PSD predictions, thereby reaffirming the observations of
Krishnamoorthy et al. [17] and Beckmann et al [18]. Increasing the mean diameter did not
change or improve the accuracy of the outside ash deposit growth rate prediction despite the
decent agreement between the experimentally measured outside ash deposit PSD and the
predicted outside ash deposit PSD. Based on this result, it was concluded the unchanged
outside ash deposit growth rate prediction was due to, for a reason not yet entirely known, the
predicted outside ash deposit PSD shifting to smaller, instead of larger, diameters. Further

investigation to ascertain the cause of this shift was therefore recommended.

Finally, ash deposition under the OXY70 combustion condition was investigated in
numerical simulations IX-XII. Using an accepted bituminous coal swelling coefficient of 1.2

and a well-characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal

142



PSD resulted in a predicted outside ash deposit growth rate that differed by approximately
20% from the experimentally measured outside ash deposit growth rate from the OXY70
combustion test. Increasing the swelling coefficient resulted in a predicted outside ash
deposit growth rate that only differed by approximately 4% from the experimentally
measured outside ash deposit growth rate from the OXY70 combustion test. Based on these
results, two conclusions were made. First, using a higher swelling coefficient may only be
applicable in the significantly oxygen-enriched environment of the OXY70 combustion
condition. Second, the inaccurate outside ash deposit growth rate predictions were due to the
poor agreement between the experimentally measured outside ash deposit PSD and the
predicted outside ash deposit PSDs. Decreasing the spread parameter to 1.1 resulted in a
predicted outside ash deposit growth rate that differed by approximately 25% from the
experimentally measured outside ash deposit growth rate from the OXY70 combustion test.
Although this prediction was inaccurate, the predicted outside ash deposit PSD agreed well
with the experimentally measured outside ash deposit PSD. Based on this result, it was
concluded a swelling coefficient of 1.4 and a spread parameter of 1.1 are likely both needed
for an accurate numerical prediction of the experimentally measured outside ash deposit
growth rate in the significantly oxygen-enriched environment of the OXY70 combustion
condition. Further investigation to determine if using a swelling coefficient of 1.4 and a
spread parameter of 1.1 would result in a more accurate numerical prediction of the
experimentally measured outside ash deposit growth rate was therefore recommended.
Increasing the mean diameter increased the inaccuracy of the predicted outside ash deposit
growth rate despite the predicted outside ash deposit PSD agreeing well with the

experimentally measured outside ash deposit PSD. Based on this result, it was concluded the
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inaccuracy of the predicted outside ash deposit growth rate was due to more larger diameter

particles impacting and, thus, depositing on the ash deposit probe.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1. Conclusions and Recommendations for Future Work of the PRB Coal Numerical

Simulations

5.1.1. Conclusions from the Verification of the Numerically Simulated PRB Coal Combustion
Process

The predicted temperatures, velocities, and flue gas volumetric flow rates from all 13
numerical simulations agreed well with the respective experimental measurements and
estimates. These results demonstrated the adequacy of the numerical simulation
methodologies utilized in this work. Based on these results, it was concluded acceptable
temperature, velocity, and flue gas volumetric flow rate predictions could be obtained in this
work irrespective of the number of bins specified for the inlet PRB coal PSD model, the inlet

PRB coal density model employed, and the inlet PRB coal PSD model used.

5.1.2. Ash Impaction Rate Sensitivity Study Conclusions and Recommendation for Future
Work

An obvious sensitivity in the predicted ash impaction rate was exhibited as the
number of bins specified for the inlet PRB coal PSD model increased from 40 to 120,
however, no change in the predicted ash impaction rate was observed when the number of
bins increased from 120 to 160. Based on these results, two conclusions were made. First, an
adequate number of bins must be specified for the inlet coal PSD model because this
numerical simulation parameter had an apparent effect on the ash impaction rate predictions.

Second, 120 bins appeared adequate for this work.
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The predicted ash impaction rate decreased when the inlet PRB coal density model
was changed from the default model to the user-defined model for the AIR and OXY50
combustion conditions. Based on these results, it was concluded the user-defined density
model resulted in ash PSDs consisting of fewer larger diameter particles and, consequently,
lower ash impaction rates. For the OXY27 combustion condition, the predicted ash impaction
rate increased when the inlet PRB coal density model was changed from the default model to
the user-defined model. Based on this unexpected result, it was preliminarily concluded the
effects of eddy diffusion, which were likely significant in the surprisingly very turbulent flow
surrounding the ash deposit probe in the OXY?27 numerical simulation utilizing the default
density model, could not be accounted for in the predicted ash impaction rate by the RANS
SST k-omega turbulence model. Further investigation to ascertain the cause of the highly
turbulent flow surrounding the ash deposit probe in the OXY27 numerical simulation

utilizing the default density model was therefore recommended for future work.

The predicted ash impaction rate increased when the inlet PRB coal PSD model was
changed from the one based on the inlet PRB coal PSD provided by Zhang [1] to the one
based on the inlet PRB coal PSD provided by Zhou [2]. Based on this result, two conclusions
were made. First, the inlet PRB coal PSD model was a numerical simulation parameter that
had a clear effect on the predicted ash impaction rate in this work, especially for a non-
swelling and non-fragmenting inlet coal like PRB. Second, the PSD of the impacting ash
particles in the numerical simulation using the inlet PRB coal PSD model based on the inlet
PRB coal PSD provided by Zhou [2] likely had double the mass fraction of large diameter

particles (dp > 100 um) compared to the PSD of the impacting ash particles in the numerical
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simulation using the inlet PRB coal PSD model based on the inlet PRB coal PSD provided by

Zhang [1], resulting in the higher predicted ash impaction rate.

5.1.3. Conclusions and Recommendations for Future Work from the PRB Coal Outside Ash
Deposit Growth Rate Predictions

Finally, the experimental growth rates of the outside ash deposits from the pulverized
PRB coal combustion tests could not be predicted by the numerical simulations in this work.
Based on this result, two conclusions were made. First, better agreement between the
experimentally measured outside ash deposit PSDs and the numerically predicted outside ash
deposit PSDs was needed for more accurate numerical predictions of the experimentally
measured outside ash deposit growth rates. Further investigation to determine a viable
numerical method for improving the agreement between the experimentally measured outside
ash deposit PSDs and the predicted outside ash deposit PSDs for the non-swelling and non-
fragmenting PRB coal was therefore recommended for future work. Second, more advanced
SRS turbulence models, such as the SAS and the ELES models, were needed for simulating
the partially turbulent flow near the ash deposit probe and capturing the effects of eddy
diffusion on the ash deposition process. Further investigation with more computing power
than was available in this work was therefore recommended for future work to determine if
employing these more advanced turbulence models would result in more accurate numerical

predictions of the experimentally measured outside ash deposit growth rates.
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5.2. Conclusions and Recommendations for Future Work of the Utah Sufco Coal Numerical

Simulations

5.2.1. Conclusions from the Verification of the Numerically Simulated Utah Sufco Coal
Combustion Process

The predicted temperatures, velocities, and flue gas volumetric flow rates from all 12
numerical simulations agreed well with the respective experimental measurements and
estimates. These results demonstrated the adequacy of the numerical simulation
methodologies utilized in this work. Based on these results, it was concluded acceptable
temperature, velocity, and flue gas volumetric flow rate predictions could be generally
obtained in this work irrespective of the swelling coefficient, spread parameter, and mean

diameter used.

5.2.2. Conclusions and Recommendations for Future Work from the Utah Sufco Coal Outside
Ash Deposit Growth Rate Predictions

Using an accepted bituminous coal swelling coefficient of 1.2 and a well-
characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal PSD resulted
in a predicted outside ash deposit growth rate that differed by approximately 150% from the
experimentally measured outside ash deposit growth rate from the AIR combustion test.
Increasing the swelling coefficient resulted in a more inaccurate outside ash deposit growth
rate prediction. Based on these results, it was concluded the inaccurate outside ash deposit
growth rate predictions were probably due to the likely poor agreement between the
unreported measurements of the outside ash deposit PSD for the experimental AIR
combustion test and the predicted outside ash deposit PSDs. Decreasing the spread parameter

to 1.1 resulted in a predicted outside ash deposit growth rate that differed by approximately
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60% from the experimentally measured outside ash deposit growth rate from the AIR
combustion test. The improved accuracy of the predicted outside ash deposit growth rate was
attributed to the likely good agreement between the unreported measurements of the outside
ash deposit PSD for the experimental AIR combustion test and the predicted outside ash
deposit PSD. Based on this result, it was concluded numerical ash deposition predictions are
probably critically dependent upon numerical ash PSD predictions, thereby likely reaffirming
the observations of Krishnamoorthy et al. [3] and Beckmann et al [4]. Increasing the mean
diameter increased the inaccuracy of the predicted outside ash deposit growth rate despite the
predicted outside ash deposit PSD probably agreeing well with the unreported measurements
of the outside ash deposit PSD for the experimental AIR combustion test. Based on this
result, it was concluded the inaccuracy of the predicted outside ash deposit growth rate was
possibly due to more larger diameter particles impacting and, thus, depositing on the ash

deposit probe.

Using an accepted bituminous coal swelling coefficient of 1.2 and a well-
characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal PSD resulted
in a predicted outside ash deposit growth rate that differed by approximately 110% from the
experimentally measured outside ash deposit growth rate from the OXY?27 combustion test.
Increasing the swelling coefficient resulted in a more inaccurate outside ash deposit growth
rate prediction. Based on these results, it was concluded the inaccurate outside ash deposit
growth rate predictions were due to the poor agreement between the experimentally
measured outside ash deposit PSD and the predicted outside ash deposit PSDs. Decreasing
the spread parameter to 1.1 resulted in a predicted outside ash deposit growth rate that

differed by approximately 14% from the experimentally measured outside ash deposit growth
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rate from the OXY27 combustion test. The improved accuracy of the predicted outside ash
deposit growth rate was attributed to the good agreement between the experimentally
measured outside ash deposit PSD and the predicted outside ash deposit PSD. Based on this
result, it was concluded numerical ash deposition predictions are critically dependent upon
numerical ash PSD predictions, thereby reaffirming the observations of Krishnamoorthy et
al. [3] and Beckmann et al [4]. Increasing the mean diameter did not change or improve the
accuracy of the outside ash deposit growth rate prediction despite the decent agreement
between the experimentally measured outside ash deposit PSD and the predicted outside ash
deposit PSD. Based on this result, it was concluded the unchanged outside ash deposit
growth rate prediction was due to, for a reason not yet entirely known, the predicted outside
ash deposit PSD shifting to smaller, instead of larger, diameters. Further investigation to

ascertain the cause of this shift was therefore recommended for future work.

Using an accepted bituminous coal swelling coefficient of 1.2 and a well-
characterized Rosin-Rammler distribution function of the inlet Utah Sufco coal PSD resulted
in a predicted outside ash deposit growth rate that differed by approximately 20% from the
experimentally measured outside ash deposit growth rate from the OXY70 combustion test.
Increasing the swelling coefficient resulted in a predicted outside ash deposit growth rate that
only differed by approximately 4% from the experimentally measured outside ash deposit
growth rate from the OXY70 combustion test. Based on these results, two conclusions were
made. First, using a higher swelling coefficient may only be applicable in the significantly
oxygen-enriched environment of the OXY70 combustion condition. Second, the inaccurate
outside ash deposit growth rate predictions were due to the poor agreement between the

experimentally measured outside ash deposit PSD and the predicted outside ash deposit
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PSDs. Decreasing the spread parameter to 1.1 resulted in a predicted outside ash deposit
growth rate that differed by approximately 25% from the experimentally measured outside
ash deposit growth rate from the OXY70 combustion test. Although this prediction was
inaccurate, the predicted outside ash deposit PSD agreed well with the experimentally
measured outside ash deposit PSD. Based on this result, it was concluded a swelling
coefficient of 1.4 and a spread parameter of 1.1 are likely both needed for an accurate
numerical prediction of the experimentally measured outside ash deposit growth rate in the
significantly oxygen-enriched environment of the OXY70 combustion condition. Further
investigation to determine if using a swelling coefficient of 1.4 and a spread parameter of 1.1
would result in a more accurate numerical prediction of the experimentally measured outside
ash deposit growth rate was therefore recommended for future work. Increasing the mean
diameter increased the inaccuracy of the predicted outside ash deposit growth rate despite the
predicted outside ash deposit PSD agreeing well with the experimentally measured outside
ash deposit PSD. Based on this result, it was concluded the inaccuracy of the predicted
outside ash deposit growth rate was due to more larger diameter particles impacting and,

thus, depositing on the ash deposit probe.

5.3. Additional Recommendations for Future Numerical Simulation Work of The University
of Utah’s Experimental Combustion Tests

Future numerical simulation work of The University of Utah’s experimental
combustion tests should focus on the biomass and biomass-coal blended fuels. The
researchers at The University of Utah combusted two different biomasses (rice husks with
supplemental natural gas and torrefied wood) and three different biomass-coal blended fuels

(rice husks with Utah Sufco coal, rice husks with PRB coal, and torrefied wood with Utah
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Sufco coal) under air and second generation atmospheric pressure oxy-combustion
conditions. The biomass and biomass-coal blended fuels should be the focus of future
numerical simulation work because oxy-combustion of biomass and biomass-coal blends
followed by carbon dioxide capture and sequestration (known as BioEnergy with Carbon
Capture and Sequestration or BECCS) may be one of the few processes that can
simultaneously remove carbon dioxide from the atmosphere and produce electricity using
essentially conventional power systems. However, one of the obstacles making the
commercial realization of the BECCS technology difficult is the increased ash deposition on
boiler heat transfer surfaces. The ability to numerically predict the ash deposition in advance
is therefore considered an urgent need for expediting the commercial realization of the

BECCS technology.
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