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ABSTRACT

Recent measurements in scenarios representative of second generation atmospheric pressure oxy-coal
combustion systems have shown a significant increase in ash deposition rates in comparison to
combustion in air. However, the causative mechanisms behind this increase have not been well
understood. To fill this void, well-characterized experiments including fuel and deposit particle size
distributions (PSDs) were coupled with highly resolved numerical simulations to isolate the aerodynamic
effects impacting the deposition process such that mechanisms could be hypothesized. Three combustion
scenarios (AIR, OXY27, OXY70) spanning a factor of three variation in flue gas volumetric flow rates
were simulated and the deposition characteristics (impaction rates, deposit PSD, temperature, residence
times, capture rates) tracked/predicted using a customized deposition module.

The measured deposit PSD was significantly different from the PSD of the parent fuel indicating
significant physio-chemical transformations (coalescence and particle growth in particular) at play. The
use of simplistic modeling approaches (swelling parameter variations) to model particle growth led to
inaccurate deposit ash PSD and rate predictions. A more satisfactory agreement between the
measurements and simulations was obtained when the functional form of the parent fuel PSD (spread
parameter) was modified to conform closely to the deposit PSD while still ensuring the fidelity of
temperature and velocity predictions. Based on the measured ash compositions, identical capture criteria
were employed across all three scenarios. This study further supports the theory that the ash deposition
rates in these systems are dominated by aerodynamic effects with the ash PSD playing a dominant role.

Keywords: CFD; Oxy-Combustion; Ash Deposition; Impaction Efficiency
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NOMENCLATURE

surface area
pre-exponential factor
specific heat

diameter, m

activation energy

external body force vector
gravitational force vector
specific enthalpy
diffusive flux

thermal conductivity
effective thermal conductivity
pressure

Reynolds number

volumetric source term

volumetric source term that includes heat of chemical reaction

volumetric source term to represent mass addition
Stokes Number

time, s

temperature, K

reference temperature, K

temperature of bulk fluid

velocity, m/s

velocity vector

Weber Number



94  Greek Symbols

95

9% ¢ emissivity

97 0 radiation temperature
98 p density, kg/m’

99  osp Stefan-Boltzmann constant (5.67-10° W/m* K*)
100 T stress tensor vector

101  Subscripts

102

103 denotes arbitrary species
104 p denotes particle

105



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

1. Introduction

Oxy-fuel combustion, a process where the fuel is burnt using a stream of O and recycled flue gas
(CO2/ H20) instead of air as the primary oxidant, is a promising technology to allow efficient post-
combustion capture and sequestration of CO». However, in order to retrofit the current fleet of coal-fired
power plants for oxy-fuel combustion, the fire-side heat transfer characteristics must be kept similar to
those achieved during combustion in air. It is anticipated that meeting this requirement will result in flame
stabilities, carbon burnout and slagging/fouling propensities that are similar to air-firing scenarios thereby
minimizing any additional operational challenges. In general, in first generation oxy-combustion systems
this requirement of having identical heat transfer characteristics has been found to be met when the inlet
oxidizer concentration is 25 — 30% O- (on a molar basis, with the remainder being CO,) [1]. However, the
economic feasibility of oxy-fuel combustion hinges upon minimizing the operational costs associated
with: the air-separation unit, flue gas recycle and the CO, compression and storage [2].

To minimize these costs, a modification that is currently being explored in second generation oxy-
combustion systems is accomplishing combustion at higher temperatures by minimizing the flue gas
recycle [3]. Depending on the extent of oxygen enrichment, a 25 — 30% reduction in the volumetric flow
rate of the gases through the combustor can be expected in first generation systems and a 60 — 70%
reduction in second generation atmospheric pressure systems. These reductions lead to a reduction in the
velocities of the flue gas and higher ash concentrations (at identical thermal loads) [4]. The combination
of these two effects can either increase or decrease the ash deposition rates when compared to combustion
in air. In particular, in the context of the loosely bound “outer ash deposits” which are the focus of this
study:

» Fryda et al. [5] observed an increase in the outer ash deposition rates during their oxy-combustion
experiments and attributed this increase to the differences in the flow field and the physical properties

(density and viscosity) of the gaseous mixture. However, increased alkali condensation in the inner

ash deposit layer under oxy-combustion conditions (due to longer residence time spent by the ash
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particles in the high temperature flame region) was also speculated to have played a role towards
assisting the formation of the “sticky” first ash deposit layer that may enhance outer deposition rates.

» Wendt et al. [4, 6 and 7] observed only a slight increase in “outer ash deposition” rates in oxy-firing
scenarios where temperature profiles identical to those encountered in air-firing were obtained. This
was attributed primarily to the aerodynamic differences surrounding the deposition probe between air
and oxy-firing conditions. However, variations in the ash deposit composition between air and oxy-
firing conditions were observed for some coals and were speculated to play some role in the
deposition rates. Further, under conditions representative of second generation atmospheric pressure
oxy-combustion systems this group [4, 6 and 7] found that the magnitude of ash deposition
enhancement (when compared to combustion in air) varied significantly depending on the fuel type
(coal and biomass).

» Li et al. [8] observed a decrease in ash deposition rates under oxy-firing and attributed this to the
Stokes-number dependent impaction efficiency differences between the oxy- and air-firing scenarios.
For a given particle size, the Stokes number at oxy-firing conditions are lower (due to reduced gas
velocities) inevitably resulting in reduced impaction efficiencies. Li et al [8] further surmised that the
capture efficiencies would remain unchanged as long as the temperature profiles under the two
conditions were identical.

Nevertheless, in lieu of the wide range of fuel types (bituminous/sub-bituminous coals, biomass) and
parent fuel particle size distributions (PSD) investigated in these previous studies, the need to further
understand the aerodynamic effects on ash deposition rates between the two scenarios (air and oxy-firing)
is urgently needed as summarized recently by Li et al [9]. Further, to the best of our knowledge there are
no computational fluid dynamics (CFD) studies of ash deposition that have been carried out at the levels
of oxygen enrichment that may be representative of second generation atmospheric pressure oxy-
combustion systems. The goal of this manuscript is to contribute towards filling this void.

Using well-characterized experimental information [4, 10] as supporting data for validation,
numerical simulations of coal combustion were carried out to assess the differences in ash deposition
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rates under air- and oxy-firing conditions (OXY27 and OXY70). The experimental information includes:
accurate PSD of the parent fuel, PSDs of the outer ash deposits on a temperature controlled deposit probe,
temperature measurements and velocity estimates at different axial locations within the combustor, and
measurements of outer ash deposition rates. Three different operational conditions using a bituminous
Utah coal (SUFCO) were investigated in this study:

* AIR: Combustion with air as the oxidant

*  0OXY27: Combustion with 27 vol % O, and 73 vol % CO, as the oxidant

*  0OXY70: Combustion with 70 vol % O, and 30 vol % CO, as the oxidant

These cases spanned a three-fold variation in flue gas volumetric flow rate (and therefore Reynolds
numbers) and resulted in two widely varying combustor temperature profiles (with AIR and OXY27
conditions resulting in similar profiles). Further, ash compositional data and PM; measurements were also
available at these conditions to assess any changes to capture efficiencies that may occur between these
conditions due to compositional variations. Analysis of the ash deposits also showed that complete carbon
burn out had been achieved at the sampling location thereby minimizing any impact of unburnt carbon
particles on the ash mass/modeling.

The measured outer ash deposition rates varied by a factor of 3.3 between the AIR and OXY70
scenarios while resulting in nearly identical PSD of the ash deposits [10]. The primary purpose of this
manuscript is to ascertain through CFD simulations if these experimental observations were due to
aerodynamic effects, due to changes in the particle capture criterion that may result from increased alkali
condensation/residence time variations in the OXY scenarios, or both.

2. Method
2.1 Modeling Methodology

In order to ensure sufficient fidelity in the numerical predictions, all three simulation scenarios (AIR,
OXY27 and OXY70) share the following attributes:

» Use of highly resolved boundary layer grids that met stringent spatial resolution requirements related

to the resolution of the boundary layer flow field surrounding the depositing surface [11, 12]. We
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ensured that the size (A) of the numerical cells adjacent to a cylinder of diameter D was well within

the constraint A< 0.3240D/4\/Re. The near wall boundary layer thickness surrounding the ash
deposit probe was 1.3 x 10° m to 2.4 x 10° m.

Use of a sufficient number of bins (120 in this study) to ensure adequate resolution of the ash PSD
and ascertaining that further increases to the bin size had a minimal impact on the predictions of the
deposition characteristics and the conclusions drawn in this study.

The use of a Weber number based-ash deposition add-on model: Numerically modeling the ash
deposition rates was tied to their dependence on the stickiness of the depositing particles as well as
the wall. These in turn were tied to the temperature, ash composition, ash carbon conversion (of the
impacting particle) and the composition and temperature of the prevailing wall deposits [13, 14].
Since the prediction of outer ash deposition rates (that occurs primarily via inertial impaction) is of
primary interest in this study, we hypothesize that the use of an identical Weber number capture
criterion (across AIR, OXY27 and OXY70) should be able to numerically uncover the measured
variations in the ash deposition rates between the three conditions if they were attributed to
aerodynamic differences alone. In addition, the total mass fluxes of the impacting ash particles, their
temperatures, diameters (dp) and residence times were also tracked. The composition dependent
surface tension () was calculated based on partial molar values (c;) and molar mass fractions (x;) of

the ash constituents as [15]:
i
o= Z (al-xl- —0.15 x (T, — 1733)) x 0.001 (1)
1

Mills and Rhines [15] provide the values of the partial molar surface tension of various ash

constituents. The particle Weber number (We) was then calculated as:
d 2
We = 22°2%0 )
g
where pp, dp and u, represent the particle density, particle diameter and particle velocity respectively.
An identical Weber number based capture criterion of We < 10 was employed across all scenarios.

In other words, if the Weber number of a particle (parcel) impacting the probe was less than the
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capture criterion, then the parcel was deemed as “captured” and removed with no further Lagrangian
tracking calculation performed on it. However, the mass flux of the captured parcel along with its
diameter and temperature were recorded to determine the ash deposition rates and the predicted

deposit PSD.

» Matching the ash PSD with measurements: Since impaction and deposition efficiencies are strongly

tied to the particle Stokes and Weber numbers, inaccurate ash PSD representation can lead to
prediction inaccuracies. In fact, there is little value in developing sophisticated models for ash
deposition /capture if the impaction rates cannot be ascertained accurately in the first place.
Knowledge about the size distribution of the particles impacting a surface is particularly challenging
due to the complex physio-chemical transformations such as swelling, fragmentation and coagulation
that an ash particle undergoes during this process.

From a modeling stand-point, simulations of pulverized coal combustion are generally performed in a
Lagrangian tracking framework where particle diameter does not change during the fuel
transformation (as one would expect with a shrinking core). Instead, the particle density is made to
vary to account for the mass changes [16]. To alleviate this shortcoming (the inability to alter the PSD
during combustion), models for char fragmentation have been developed that divide a parent fuel
parcel into child parcels following the particle swelling/porosity increase that occurs during
devolatilization. However, these models are generally developed in an ad-hoc manner where the
modeling parameters are tuned to match the measured ash PSD within the furnace [17, 18]. Another
option is to alter/fix the particle density during the combustion which automatically adjusts its size for
a given mass.

Building upon these strategies, we explore the use of different/complimentary methodologies
(swelling parameter variations and changes to the functional form of the parent fuel PSD i.e., spread
parameter and mean diameter variations) to alter the PSD of the ash particles in an attempt to match
the measured deposition ash PSDs. An additional constraint was ensuring that the temperature and
velocity characteristics in the vicinity of the deposition surface was essentially the same.
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» In order to capture the heat transfer characteristics accurately, we use high fidelity gas radiative
property models that have been deemed to be valid at the gas compositions representative of second
generation oxy-combustion systems [19]. In addition, we use a composition-dependent particle
radiative property where the emissivity and scattering characteristics of the particle are altered during
its transformation from parent fuel to ash [20].

2.2 Governing Equations

In the Euler-Lagrange approach (Discrete Phase Model, DPM) in ANSYS Fluent (version 19) [16]
the fluid phase is treated as a continuum by solving the Navier-Stokes equations while a discrete phase is
tracked in the Lagrangian frame of reference throughout the calculated flow field [16]. Additionally, the
particle dispersion is determined by turbulent velocity fluctuations. The conservation of mass (continuity

equation) for the fluid phase is given as [16]:

ap N

E+V-(pv)=5m (3)
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.

The conservation of momentum for the fluid phase, is given as [16]:
2 (p0) + V- (pi%) = —Vp + V- (D) + pg + F &)
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, p is the static
pressure, and pg and F are the gravitational body force and external body force, respectively.

The conservation of energy for the fluid phase, in terms of temperature, is represented as [16]:
a = T - =
2 (pE) + V- (B(E +p)) = V- (ke VT = B 1J; + (Fepr - 9)) + S )
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.y is the
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effective conductivity (k + k;, where k, is the turbulent thermal conductivity), ]_] is the diffusion flux of
species j, kqrsVT is the energy transfer due to conduction, }; hj]_j is the energy transfer due to species

diffusion, (‘?eff . 13) is the energy transfer due to viscous dissipation, and S, is a source term that includes
the heat of chemical reaction and any other user-defined volumetric heat sources.
Discrete phase trajectory in a Lagrangian framework includes discrete phase inertia, hydrodynamic

drag, and the force of gravity as follows:

dip _

U Fp(a—a,) + L2y (©)

Pp
Where F is an additional acceleration term, the F, (ﬁ - ﬂp) term is the drag force per unit particle mass

and Fp calculated as:

__ 18u CpRe
Fp = d2 24
Ppap

(7
Here, u is the fluid phase velocity, &, 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 as:

_ pdyp|iy—1|
- u

Re ®)

Finally, for modeling of 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
combustion [16]. The heat balance that relates the particle temperature Ty(t) to the convective heat

transfer and the absorption/emission of radiation at the particle surface as follows [16]:

m,c, “;if = hAy (T, — T,) + £,4,055 (05 — T) 9)

Where m,, is the mass of the particle, ¢, is the heat capacity of the particle, h is the convective heat
transfer coefficient, A, is the surface area of the particle, Ty, is the local temperature of the continuous
phase, &, is the particle emissivity, ggp is the Stefan-Boltzmann constant (5.67- 10® W/m*K*), and 0, is

the radiation temperature.
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2.3 Geometry

The experimental oxy-combustion studies were carried out in a down flow laboratory combustor
(oxyfuel combustor or OFC) at the University of Utah. The OFC is a self-sustained combustor 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 [10]. A 3D geometry representation of the OFC used is shown in Figure 1. The
geometry was meshed with 1.1M cells after ensuring grid convergence of the temperature and velocity
fields at this level of refinement. Further, we ensured that the boundary layer surrounding the ash probe
was of sufficient resolution (as per the criteria set forth in [11, 12]) and predicted grid independent ash
impaction rates.

A Utah Bituminous coal was used as the fuel for all of the oxy-combustion cases considered. The
PSD of the parent fuel is shown in Figure 2 and was fit to a Rosin-Rammler (RR) distribution function.
The functional form representing the Rosin-Rammler distribution function is also shown with: Yq4
representing the fraction of mass that is greater than a particle diameter d,, mean diameter (referred to as
“mean” from here on) is set to 80pum and the spread parameter (referred to as “spread” from here on) is
fixed at 1.1. The PSD of the measured outer deposits are also shown in Figure 2b. The PSD of the ash
deposits was not measured for AIR scenario. It is noteworthy that the parent fuel has a fairly narrow PSD
with all of the fuel between 30 — 100 microns whereas more than 25 wt % of the outer deposit layer was
of a size greater than 90 pm. This indicates significant agglomeration and particle growth processes at
play during the combustion process.

Table 1 contains the proximate and ultimate analysis for this low ash, low moisture content coal. The
key experimental conditions are shown in Table 2. The ignition zone walls were set to a temperature of
1283 K. The ignition zone was surrounded by flanged ceramic plate electrical heaters to warm up the
furnace and 3 thermocouples to monitor and control the furnace wall temperatures. The wall temperature

employed in the simulations corresponds well to the measured temperatures. The radiation zone walls
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were set to a heat transfer coefficient of 5 W/m*K and a surrounding fluid temperature of 300 K
representative of natural circulation conditions in a full-scale room with mild heating of the furnace walls
[21].

Gaseous combustion between the fuel volatiles and oxidant was simulated using a two-step
mechanism. The heterogeneous and homogenous reactions modeled in this study are shown in Table 3.

To model the heterogeneous char oxidation reaction, the kinetic/diffusion-limited rate modeling
option in ANSYS FLUENT [16] was employed. In this model, the particle size is held constant
throughout the Lagrangian tracking process while its density is allowed to decrease with mass depletion.
This rate of change of mass is computed through a harmonic averaging of the kinetic (Rk) and diffusion
(Rp) rates. The kinetic rate (Rk) was computed as:

Ry = Ae Ea/RTp (10)

With the pre-exponential (A) and Activation energy (E.) reported in Table 3. The diffusion rate was
computed as:

C (0.5 [Tp+Teo])07°

RD =
dp

(1)

Where T is the free stream temperature and C; is the mass-diffusion limited rate constant of 5e-12.
ANSYS FLUENT has additional heterogeneous char combustion modeling options such as the intrinsic
model where both the density and diameter can be made to vary as a function of char burnout. In the
intrinsic model for instance, the density and diameter variations or burning regime can be controlled via
appropriate power law exponents (alpha) that denote the variations in diameter or apparent density as a
function of carbon burnout. While there can be widespread variation in alpha depending on the char type,
an alpha of 0.25 has been determined to work well for most chars [16]. The relative variations in
deposition rates were also investigated with the intrinsic model and an alpha value of 0.25 across all three
scenarios (AIR, OXY27 and OXY70). The impaction rates, capture efficiencies and deposition
enhancement did not change significantly from our results obtained with the kinetic/diffusion limited char

oxidation model. The sensitivity study was next extended to assess the impacts of other devolatilization
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modeling options such as: single-step devolatilization model and CPD devolatilization models [16].
However, since ash deposition in a region where complete burnout has occurred is the focus of this study
(representative of the super heater region in a commercial scale boiler), the deposition rate predictions
reported in this study were not significantly altered by these other combustion modeling options. All the
combustion reactions are essentially complete near the ash probe and a fairly streamlined flow of the flue
gases occur near the deposit region. The temperature and velocity of the flue gases which are the primary
variables impacting the deposition process were therefore minimally impacted by other combustion
modeling options. Table 4 provides a complete summary of the other modeling options invoked in this
study.
3. Results and Discussion
3.1. Simulations with fuel PSD

Figure 3 shows the axial temperature profiles in the AIR, OXY27 and OXY70 scenarios with the
probe location indicated by an arrow. Good agreement between the measurements and simulations
indicate the adequacy of the combustion models employed in the simulations. The temperature profiles
are nearly identical in AIR and OXY27 scenarios whereas higher peak flame temperatures are
encountered in OXY70. The combustion conditions in the OFC are such that the peak values of the
measured temperatures occur around Port 2 (or the second data point in Figure 3) for all three scenarios.
Although OXY70 has much higher peak temperature (1578 K) than Air (1455 K) or OXY27 (1414 K),
the temperatures are around 1150 — 1250 K for all scenarios at Port 6 (the sixth data point in Figure 3),
where the ash depositions were sampled. This was purely coincidental and results from the increased heat
loss (per unit mass of flue gas) due to higher temperatures and higher concentrations of radiatively
participating gases in the OXY70 scenario. Nevertheless, this fortuitously identical temperatures at the
deposit location across all three scenarios is helpful towards eliminating the effects of local flue gas
temperature variations on the formation of ash deposits.

Figure 3(d) shows the temperature measurements against particle residence time estimates assuming
plug flow assumption. Due to the stochastic nature of particle tracking in the numerical simulations, in
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conjunction with the fact that particles can get trapped in recirculation regions in the wider ignition zone
of the combustor (cf. Figure 1), there was considerable variability in the simulated particle residence
times. The mean particle residence times near the deposit probe were estimated based on the output from
the deposition module and ranged from around 13 seconds for AIR to 17 seconds for OXY70.

During the experiments, the average velocity at each axial location was estimated based on the gas
flow rate and the OFC cross-section area. The estimated velocities at different axial locations along the
combustor (assuming plug flow assumption) are compared against those obtained from the CFD
simulations in Figure 4. Again, good agreement between the experimental estimates and the predictions
further add to our confidence regarding the adequacy of the modeling procedure. Further, they indicate
the prevalence of a streamlined flow behavior with few eddies near the deposition probe (a fact that has
been confirmed by Large Eddy Simulations at identical Reynolds numbers in the OFC [23]). Therefore,
the use of a Reynolds Averaged Navier Stokes (RANS) based turbulence model to simulate the inertial
impaction process is deemed to be adequate in this scenario. Further, the adequacy of the SST k-omega
turbulence model to accurately resolve the flow around the deposit probe for the range of Reynolds
numbers encountered in this study has been demonstrated by Pereira et al [24]. The volumetric flow rates
of flue gas varied from 9 Nm’hr (OXY 70) to 28 Nm’/hr (AIR) representing a 3-fold variation in
magnitude that is also reflected in the velocity magnitudes near the probe.

An add-on ash deposition model was implemented to track the PSD of the outer deposit layer. The
simulated PSD of the ash deposits with the corresponding measurements are shown in Figure 5. The PSD
of the deposit ash was not measured in the AIR scenario but is anticipated to be similar to the measured
PSD in OXY27 due to the similarity in temperature profiles (cf. Figure 3) and nearly identical residence
time. The results show a significant discrepancy between the predicted and measured ash PSD in spite of
utilizing well-characterized parent fuel PSD measurements as inputs to the simulation. As indicated
previously, in the Lagrangian tracking approach, the ash PSDs do not change (in the absence of any
swelling during devolatilization) and the mass consumption during the combustion process is accounted
for by making changes to the particle density. It is interesting to note that the narrow PSD of the predicted
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ash deposit layer conforms closely to the narrow PSD of the parent fuel (Figure 2a). Due to a swelling
coefficient of 1.2 employed in the simulations (a typical value used with bituminous coals [25]) the coal
particle’s diameter increased by 20% following devolatilization attributing to the shift in PSD to higher
diameters shown in Figure 5.

An additional simulation was carried out with a swelling coefficient of 1.4 in an attempt to improve
the agreement with the measured PSD. Increased swelling has been previously observed in oxy-
combustion scenarios by Wang et al. [26] who found that the char became more porous under oxy
combustion compared to air combustion for a bituminous coal likely due to a more intense
devolatilization in the presence of oxygen enrichment. However as shown in Figure 5, using the higher
swelling coefficient (of 1.4) did not improve the agreement between the predictions and measurements.

The impaction rates, deposition rates (outer ash layer) and capture efficiencies associated with these
simulations are summarized in Table 5. We again emphasize that an identical Weber number-based
capture criterion (We < 10”) was employed across all three scenarios to investigate the aerodynamic
impacts on the deposition rates. The capture criterion was tuned to match the measured deposition rates
(and capture efficiencies) as closely as possible. Our primary goal in this study was to ascertain that the
observed increase in deposition rates in OXY70 scenarios was due to aerodynamic effects (i.e., ash PSD
and gas velocities primarily) rather than providing an accurate quantitative prediction of the deposition
rate per se. Results in Table 5 also include impaction rate estimates based on the mass flux of ash per
normal area of deposit probe. This estimate clearly does not change across the three scenarios since the
coal mass flow (and therefore of ash mass flux) is held constant (cf. Table 2). The numerical predictions
in Table 5 suggest that the impaction rates vary across the scenarios (based on the ash PSD and velocities)
and cannot be estimated solely based on the ash flux across the area of the deposition probe that is normal
to the flow. For air-firing, the impaction rates are much higher than those corresponding to oxy-firing
which may be partially attributed to a reduction in particle Stokes numbers in the OXY scenarios.
However, identical impaction rates at OXY 27 and OXY 70 (across which there is a factor of 2.5
variation in flue gas volumetric flow rates) indicate there is likely an important role played by the ash
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PSD on the deposition process. This is further reflected by the increase in impaction and deposition rates
when the swelling parameter was increased, as shown in Table 5. The identical deposition rates across all
three scenarios shown in Table 5 in conjunction with the poor agreement between the measured and
modeled ash deposition PSDs shown in Figure 5 confirms that even if well characterized parent fuel PSD
is available (cf. Figure 2a) the changes to the ash PSD within the combustor need to be taken into account
for accurate ash deposition predictions.

3.2. Outer Ash Deposition Rates with Modified PSD Parameters

In an attempt to improve the agreement with the measured ash PSD as well as the deposition trends,
the parent fuel PSD parameters were modified by decreasing the Rosin Rammler (RR) spread parameter
from 6 to 1.1 (cf. figure 2a) to alter the PSD of the fly ash. An additional set of simulations were carried
out where the mean diameter in the RR function was changed from 80 microns to 100 microns. These
were undertaken by ensuring that the fidelities of the temperature and velocity predictions that were
established previously (cf. figures 3 and 4) were not impacted significantly (particularly near the deposit
probe). This is confirmed in Figure 6 where the temperature and velocity profiles are shown to be
minimally impacted by these parent PSD variations.

The furnace operation conditions (velocity and temperature) and particle size are among the most
significant factors influencing the ash impaction behavior. Given that the temperature and velocity
profiles are well matched with experimental data (cf. figures 3 and 4), the particle size and density play an
important role in determining the particle kinetic energy (KE). The importance of the particle KE in
predicting the sticking behavior of the ash has been discussed recently by Yang et al. [27]. They found
that the furnace velocity condition influences the selective deposition behavior such that the maximum
deposition efficiency moves to smaller particles with increasing gas velocity. For the velocity conditions
encountered in this study (0.2 — 0.6 m/s), Yang et al. [27] predicted that the deposition efficiencies vary
very sharply for particle diameters 30 to 100 pum. Therefore, an accurate PSD of fly-ash in this range of

diameters is crucial for an accurate estimation of the deposition rates at these conditions. The inability to
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accurately model the fly ash PSD in this diameter range has been attributed to be the primary reason why
the results in Table 5 fail to reflect the measured deposition trends in AIR, OXY27 and OXY70 scenarios.

The modified fuel PSD along with the PSD of the deposited ash are shown in Figure 6 with the
corresponding impaction and deposition rate predictions shown in Table 6. Figure 6 shows that a
reduction in the spread parameter (from 6 to 1.1) improves the agreement between the measured and
predicted PSD of the ash deposit. This translates to improved deposition rate predictions shown in Table
6. A comparison of the impaction rates in Tables 5 and 6 shows that impaction rate is critically dependent
on the ash PSD. Even when the ash mass fluxes are identical for a given operational scenario, the ash
PSD can have a huge impact on the impaction rate. We emphasize that getting the impaction rates right is
a necessary pre-requisite to accurate deposit rate predictions. However, a comparison of the impaction
rates in Table 5 (that employed accurate parent fuel PSD) with those in Table 6 (where the parent fuel
PSD was altered in an ad hoc manner to match the deposit PSD) highlight the strong role by the fly ash
PSD on its predictions. While Table 6 shows that the impaction rates in AIR are still higher than those in
OXY27 and OXY70 scenarios (again due to higher Stokes Numbers) the magnitude of the differences
between the AIR and OXY impaction rates are not as great as in Table 5. Additionally improvements in
the deposition rates are observed with the adjusted spread parameter (1.1). These simulations more
closely model the observed deposition enhancement trends (from AIR < OXY 27 < OXY 70) that was
observed experimentally.

The predicted PSD of the ash deposits with the adjusted spread parameter (1.1) are shown in Figures
7 and 8. An improved agreement between the simulated and measured ash deposit PSD indicated that the
modified RR parameters result in a more accurate representation of the agglomeration effects under
OXY70 conditions [10]. Although the differences in agglomeration behavior were attributed to longer
residence times and higher particle temperatures [10], our analysis of the residence time statistics from
our ash deposition module indicate that the mass weighted average residence time of the deposited
particles did not vary as significantly between the three scenarios as determined from a plug flow
assumption (cf. Figure 3d). While the residence time varied considerably during the stochastic discrete
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phase sampling procedure, the average residence times were 13, 15 and 17 seconds for the AIR, OXY27,
and OXY70 cases, respectively. Similarly, the mass weighted average temperatures of the deposits also
did not vary significantly between the three scenarios. Therefore, we postulate that the increased
agglomeration rates in OXY 70 observed experimentally are primarily due to increased particle-particle
collisions resulting from higher ash concentrations in the flue gas. It is noteworthy that the impaction and
deposition rates of AIR and OXY27 in Table 6 were not significantly affected by the change in mean
diameter parameter (from 80 microns to 100 microns). However for OXY70, where the velocities are
significantly different from those in AIR and OXY27, the deposition rates are very much impacted by the
PSD of ash particles in the 30 — 100 pm size range as noted previously due to a sharp change in
deposition efficiencies in this size range. However, the impaction rates of OXY 70 are not as significantly
impacted by the changes to the mean diameter parameter. The mass-weighted averaged Stokes (St) and
Weber (We) numbers of all the particles impacting the probe for the modified RR parameters are reported

in Table 7. St for each parcel was computed as:

PpVypd?
St=—27PP (12)
UgasDprobe

where Ugs and Dyrobe are gas viscosity and probe diameter respectively. The data in Table 7 first show that
the Stokes numbers of the particles impacting the probe is significantly lower in the OXY70 scenario.
This is also accompanied by a reduction in Weber number which increases the capture/deposit propensity
of the particle.

The trends and differences in impaction rates in Tables 5 and 6 are particularly noteworthy. While ash
deposition models of various degrees of sophistication (sticking and rebounding criteria) have been
reported in the literature, an accurate calculation of the arrival/impaction rates is a necessary pre-requisite
for accurate ash deposition predictions. The trends in impaction/arrival rates are completely different if an
accurate ash PSD is not included in the modeling system. While the impaction rate trends between AIR
and OXY 27 (reported in Tables 5 and 6) are consistent with the recent study of Yang et al. [29] that show

that the impaction rates may be reduced in oxy-combustion scenarios due to reduced velocities and
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particle Stokes numbers, at the higher oxygen concentrations (OXY 70), a significant reduction in
velocities may increase/decrease the impaction rates and deposition efficiencies depending on the PSD of
the larger sized ash particles (since lower velocities tend to favor the deposit/impact of larger sized
particles). This is reflected in the notable increase in capture efficiencies in the OXY scenarios in Table 6.

This work greatly reaffirms the recommendations set forth by Beckmann et al. [30] where accurate
parent fuel PSD and fly-ash PSD were seen as pivotal parameters to get the impaction rates right in CFD
simulations before adding on more sophisticated capture/deposition models. This work also compliments
a recent model that assessed the deposition propensities involving these scenarios without the spatial
considerations of a CFD simulation [31]. However, we again note that an accurate 3D representation of
the flow near the probe can reveal interesting impaction rate trends (between the three scenarios) that are
reflected in Tables 5 and 6 that cannot be obtained from the assumption of an average mass flux per
normal area of the deposition probe.

4. Conclusions

Second generation atmospheric pressure oxy-coal combustion systems are anticipated to operate
under significant oxygen enrichment, resulting in higher flame temperatures and a 60 — 70% reduction in
the volume of flue gas circulating within the combustor in comparison to combustion in air. Recent
experimental evidence points to an increase in ash deposition rates associated with these scenarios with
the degree of enhancement dependent on fuel type. However, the causative governing mechanisms behind
this increase have not been well understood. As a step towards filling this void, well-characterized
combustion experiments including fuel and deposit particle size distributions (PSDs) and highly resolved
numerical simulations were employed to isolate the aerodynamic effects (gas velocities, ash PSD)
impacting the deposition process. Three combustion scenarios (AIR, OXY27, OXY70) spanning a factor
of three variation in flue gas volumetric flow rate were investigated. Various deposit characteristics were
tracked/predicted using an add-on deposition module employing an identical particle capture criterion

across all scenarios to isolate aerodynamic effects.
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The predicted temperature and velocities near the deposit probe agreed well with the measurements
across all scenarios. The measured PSD of the deposit was significantly different from the PSD of the
parent fuel indicating significant physio-chemical transformations (coalescence and particle growth in
particular) were at play during the combustion of this coal. Different approaches were explored to account
for these changes to the ash PSD in the Lagrangian tracking simulation: changes to the swelling
parameter, changes to the spread parameter and average diameter in the parent fuel PSD. Care was taken
to ensure that the changes did not alter the temperature and velocity characteristics near the deposit probe.

Changes to the swelling parameter predicted identical deposition rates across all three scenarios and a
deposit PSD that differed significantly from the measurements. When the function form of the ash PSD
was similar to that of the parent fuel: a significant (~30%) reduction in impaction rates were observed in
the oxy-combustion scenarios. The impaction rates were significantly higher on the top face of the probe
(that was facing the flow) than the rear face of the probe. Also, the impaction rates were lower in the
region close to the wall than the region away from the wall (towards the center of the furnace). However,
the deposition trends were reversed with higher deposition rates observed closer to the wall than away
from the wall (furnace center). This aligns with deposition characteristics observed in this furnace with
other fuel types.

Changes to the spread parameter (from 6 to 1.1) in the parent fuel PSD resulted in a more satisfactory
agreement between the predicted and measured ash PSDs and in impaction rates that were significantly
different from the ash PSD that originated from the unaltered parent fuel PSD. Finally changes to the
mean diameter allowed more accurate simulation of the measured deposition trends across the three
scenarios without altering the impaction rates for a fixed spread parameter.
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Table 1: Proximate and ultimate analysis of the Utah Bituminous coal [10].

Proximate Analysis (wt. %) Ultimate Analysis (wt.%, dry ash free)
Fixed Carbon 47.04 C 74.06
Volatiles 38.49 H 5.95
Ash 8.36 N 1.19
Moisture 6.11 S 0.39
HHV(MJ/kg) 27.7 0] 18.41
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Table 2: Key experimental conditions investigated

AIR 0OXY27 0OXY70

Coal input rate (kg/hour) 3.46 3.46 3.46
Energy input (kW) 26 26 26
Primary flow rate (mol/hour) Na: 248 CO,: 118 CO,: 101

02: 66 0,: 31 0,: 27
Secondary flow rate (mol/hour) Na: 683 CO,: 587 CO2: 0

0,: 182 0,: 228 0,: 209
O, fraction in dry flue gas (vol. %) 3 3 3
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Table 3: A summary of combustion reactions and kinetic parameters.

A Ea, J/kmol Reference
Heterogeneous reactions
Devolatilization 50% 0
Char Oxidation (Kinetic/Diffusion Limited) 0.002 7.9e+07 [16]
Homogeneous reactions
Volatile combustion: vol = 1.05CO + 1.96H>0 + 0.0283N, 2.119e+11*  2.027e+08
+ 0.008250;
CO oxidation: 2CO + O0; = 2CO:> 2.239e+12*  1.7e+08 [22]

Pre-exponential factor, A, units: *(1/s)
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Table 4: A summary of modeling options utilized in this study.

Physics being modeled CFD Framework (ANSYS Fluent)
Turbulence SST k-omega
Drag law Morsi-alexander

Particle radiative property
Particle scattering phase function

Gas-phase radiative property

Variable Kays and K [20]

Anisotropic (forward scattering)

Perry (5gg) [19]
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Table 5: Outer Ash Deposition Rates and Collection Efficiencies using swelling models

Impaction rate Deposition Capture Deposition
(g/m?-hr) rate (g¢/m>-hr) | Efficiency (%) | Enhancement*
Measurements [10]

Air 5040%* 210 4 1.0
OXY27 5040%* 280 5 1.2
O0XY70 5040%* 690 13 3.2

Swelling 1.2

Air 18000 590 3 1.0
OXY27 11400 660 6 1.1
OXY70 12000 580 5 1.0

Swelling 1.4

Air 19900 830 4 1.0
OXY27 12800 740 6 0.9
O0XY70 12000 650 5 0.8

*Estimated based on mass flux of ash per normal area of deposition probe

*Relative to combustion in Air
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Table 6: Outer Ash Deposition Rates and Collection Efficiencies with modified RR parameters

Impaction rate Deposition Capture Deposition
(g/m?-hr) rate (g¢/m>-hr) | Efficiency (%) | Enhancement*
Measurements [10]

Air 5040%* 210 4 1.0
0XY27 5040* 280 5 1.2
0OXY70 5040* 690 13 3.2

Mean: 80, Spread: 1.1

Air 10600 330 3 1.0
OXY27 7040 330 5 1.0
0XY70 9630 510 5 1.5

Mean: 100, Spread: 1.1

Air 11200 360 3 1.0
0XY27 7700 330 4 09
0XY70 11000 1200 11 3.3

*Estimated based on mass flux of ash per normal area of deposition probe

*Relative to combustion in Air
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684 Table 7: Mass weighted averaged Stokes (St) and Weber (We) numbers of the particles impacting the
685 probe

Mass weighted Mass weighted
average Stokes average Weber
Number Number

Mean: 80 microns, Spread: 1.1, Swelling 1.2

Air 4.4 0.18

0oXxXY27 4.3 0.16

0XY70 1.7 0.03

Mean: 100 microns, Spread: 1.1, Swelling 1.2

Air 7.3 0.30

0OXxXY27 5.5 0.21

0OXY70 1.6 0.06
686
687
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Figure 1. Geometric details of the down flow OFC combustor.
Figure 2. Particle size distribution (PSD) of: (a) the parent coal particles; (b) Measured outer deposits.

Figure 3. Centerline temperature profiles along the axial length of the combustor (probe location
indicated by arrow): (a) AIR; (b) OXY27; (c) OXY70; (d) Measured centerline temperature profiles as a
function of residence time (assuming plug flow).

Figure 4. Velocity profiles along the axial length of the combustor (probe location indicated by arrow):
(a) AIR; (b) OXY27; (c) OXY70.

Figure 5. PSD of the ash deposits — Effect of swelling parameter: (a) AIR; (b) OXY27; (c) OXY70.

Figure 6. Temperature and velocity profiles as a function of different parent fuel PSD parameters (Mean
and Spread in the RR distribution): (a) AIR; (b) OXY27; (c) OXY70.

Figure 7. PSD of the ash deposits — RR distribution parameters (Mean 80 microns; Spread 1.1): (a) AIR;
(b) OXY27; (c) OXY70.

Figure 8. PSD of the ash deposits — RR distribution parameters (Mean 100 microns; Spread 1.1): (a) AIR;
(b) OXY27; (c) OXY70.
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748  Figure 4. Velocity profiles along the axial length of the combustor (probe location indicated by arrow):
749  (a) AIR; (b) OXY27; (c) OXY70

37



750
751

Mass fraction > particle diameter

Mass fraction > particle diameter

Figure 5. PSD of the ash deposits — Effect of swelling parameter: (a) AIR; (b) OXY27; (c) OXY70.
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Figure 6. Temperature and velocity profiles as a function of different parent fuel PSD parameters (Mean
and Spread in the RR distribution): (a) AIR; (b) OXY27; (c) OXY70.
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763  Figure 7. PSD of the ash deposits — RR distribution parameters (Mean 80 microns; Spread 1.1): (a) AIR;
764  (b) OXY27; (c) OXY70.
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Figure 8. PSD of the ash deposits — RR distribution parameters (Mean 100 microns; Spread 1.1): (a) AIR;
(b) OXY27; (c) OXY70.
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