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Abstract: Rice husk (RH) co-combustion with natural gas in highly oxygen-enriched concentrations
presents a net carbon-negative energy production opportunity while minimizing flue gas recycling.
However, recent experiments have shown enhanced ash deposition rates in oxygen-enriched condi-
tions, with deposition/shedding also being dependent on the particle size distribution (PSD) of the
parent RH fuel. To uncover the causative mechanisms behind these observations, add-on models for
ash deposition/shedding and radiative properties were employed in computational fluid dynamics
simulations. The combustion scenarios investigated encompassed two types of RH (US RH, Chi-
nese RH) with widely varying ash contents (by % mass) and inlet fuel PSD with air and O2/CO2

(70/30 vol %, OXY70) as oxidizers. Utilizing the measured fly-ash PSDs near the deposit surface and
modeling the particle viscosity accurately, particle kinetic-energy (PKE)-based capture and shedding
criteria were identified as the keys to accurate deposition/shedding rate predictions. The OXY70
scenarios showed higher ash-capturing propensities due to their lower PKE. Conversely, higher
erosion rates were predicted in the AIR firing scenarios. In addition, the radiative characteristics
across all the scenarios were dominated by the gases and were not sensitive to the fly-ash PSD.
Therefore, the higher particle concentrations in the OXY70 conditions did not negatively impact the
heat extraction.

Keywords: CFD; oxy-combustion; ash deposition; shedding; co-firing

1. Introduction

Co-firing rice husk (RH) and natural gas with carbon capture using oxy-combustion
presents a net carbon-negative energy production opportunity. Second-generation
atmospheric-pressure oxy-combustion systems use an oxidizer stream that is highly en-
riched in oxygen (often > 50% O2 by volume, OXY50) aimed at minimizing the volumetric
flow rate of flue gas flowing through the combustor (as a recycle), thereby potentially
improving efficiency. However, RH has a heating value comparable to that of lignite, a
high ash content (13−29 wt. %) and is rich in silica (87–97 wt. %), which can present
operational challenges resulting from the higher gas temperatures and lower gas velocities
present in these novel combustion scenarios. This has been confirmed by Wu et al. [1] who
showed a significant increase in ash deposition rates during RH–natural gas combustion
when using a highly oxygen-enriched oxidizer stream (up to 70% O2 by volume, OXY70).
This was attributed to the formation of coarser fly-ash particles in the OXY70 scenario
(resulting from a more intense combustion, higher temperatures and an increase in particle
concentrations/interactions) that increased the impaction and capture efficiencies. Further,
when two types of RH (US RH, Chinese RH) with widely varying ash content (by % mass)
and inlet fuel PSD were fired, they showed widely varying outer deposition rates, with
the coarser fuel PSD showing lower deposition and higher shedding rates [2]. Since the
fly-ash PSD is dependent on the fuel PSD, the lower rebounding (and therefore higher
capture) probabilities associated with fly-ash particles having a smaller particle kinetic
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energy (PKE) value and the higher erosion/shedding tendencies associated with particles
with a larger PKE were hypothesized as factors influencing the deposition rates. While the
particle PKE plays a crucial role in outer ash deposition rates, inner ash deposition rates
were also found to increase as a result of increases in sub-micron aerosol formation under
OXY70 conditions [3]. However, Wu et al. [1] only employed a plug flow assumption to
estimate their fly-ash impaction and capture efficiencies and explain their measurements. A
more rigorous analysis that resolves the complicated flow field near the probe and takes the
fly-ash mass % and compositional variations between the two RHs into account is therefore
warranted to optimize operating conditions and scale-up.

Therefore, our effort here was to complement the study of Wu et al. [1] by using
computational fluid dynamics (CFD) simulations where the 3D flow field near the deposit
probe is well resolved to model the outer ash deposition rates. An adequate match with
the measurements/trends would help to confirm Wu et al.’s [1] hypothesis that the depo-
sition rate variations between the AIR and OXY70 scenarios were primarily due to PKE
variations. Once the RH fly-ash impaction is accurately represented by employing a well
resolved boundary layer in the CFD simulations, an appropriate modeling methodology
for particle capture needs to be adopted. The capture or deposition of a RH fly-ash particle
following impaction may be modeled based on its critical melt fraction (which is estimated
from its composition-dependent equilibrium calculations), a PKE-critical viscosity-based
criterion (where a calculation of a composition-dependent particle viscosity, µP, is nec-
essary) or a critical-velocity- and energy-conservation-based criterion (where the angle
of impaction along with additional parameters such as Young’s modulus and Poisson’s
ratio are employed) [4]. Among these, we also hypothesized that the PKE-critical viscosity-
based criterion would provide an adequate representation of the measured deposition
rates/trends as long as an appropriate model for µP is identified and employed.

In addition to its influence on ash deposition rates, the fly-ash PSD also plays an
important role in radiative transfer and heat extraction characteristics within a combustor.
For instance, lower emissions and reduced heat transfer rates may be expected when
coarser biomass particles are present as a result of a reduction in the particle surface
area [5]. In fact, simulations of a non-swirling, oxy-coal flame in the furnace investigated in
this study indeed showed that particles contributed significantly to radiative transfer in
the radiant section [6]. Radiative transfer also governs the gas temperature distribution
within the combustor, which affects the fly-ash temperature, its viscosity and its deposition
characteristics. Therefore, in our attempts to minimize the deposition rates by changing the
operating conditions to attain a favorable fly-ash PSD, we also needed to ensure that the
incident heat transfer rates and heat extraction profiles were not negatively impacted. In
addition to the PSD, the particle and gas radiative properties and the scale of the combustor
all play an important role on the overall heat extraction rates, as summarized in Table 1.
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Table 1. A summary of previous studies assessing the relative importance of gas and particle radiation
in oxy-combustion scenarios.

Reference Summary

K. Andersson et al. [7]

OXY 25–29 scenarios were investigated in a 100 kW furnace. A large fraction of the radiation was
emitted by particles (assumed to be soot). An increase in the CO2 concentration in the OXY
scenarios did not impact the radiative fluxes if the temperature was identical to combustion in air.
A wavelength-dependent complex index of refraction was employed for soot, and its volume
fraction was modeled (not measured).

G. Krishnamoorthy et al. [8]

Dry- and wet-recycle scenarios were investigated at lab- and full-scale (300 MW) geometries.
Particle radiation dominated at small scales, and inaccuracies in the gas radiation modeling did
not impact the predictions at this scale. Fuel-conversion-dependent particle radiative properties
were employed. However, gas radiation became more important at larger scales, thereby
requiring the use of accurate emissivity models corresponding to the H2O/CO2 ratios within
the boiler.

P. Nakod et al. [9]

Dry- and wet-recycle scenarios were investigated at lab- and full-scale (300 MW) geometries.
Particle radiation dominated at small scales, and no differences were found when employing
either a gray or non-gray radiation model for the gas phase. However, gas radiation became more
important at larger scales, and employing an accurate non-gray model for gas radiative properties
was deemed necessary. Particle radiative properties were modeled based on fuel conversion.

G. Krishnamoorthy
and C. Wolf [10]

Simulations of air and oxy-combustion of coal/biomass blends in a 0.5 MW combustion test
facility were carried out. Accounting for the fuel-conversion-dependent particle radiative
property variations was determined to be important as opposed to employing constant particle
radiative properties. The lower gas flow rates through the furnace during oxy-combustion
resulted in higher particle concentrations and particle extinction coefficients when compared
against combustion in air. The resolution of the particle PSD and changes to PSD due to particle
swelling had an impact on the incident radiative fluxes. Isotropic and forward scattering phase
functions resulted in identical radiative fluxes.

J. Zhang et al. [11]

Simulations of a prototypical furnace as well as a front-wall-fired 100 MW boiler were carried out.
Contrary to a previous study [9], the wall radiative fluxes in the boiler were relatively insensitive
with either the gray or non-gray gas property model. This suggested that the particle temperature
could be employed to calculate the non-gray weighting factors for particle emission.

X. Yang et al. [12]

In a small-scale furnace (250 kW), both gas and particle radiation were deemed to be important.
A higher particle emission was predicted when employing constant radiative properties.
However, gas radiation dominated at larger scales (35 MW). The scattering efficiencies were in
the range 0.1–0.4 based on the Mie theory.

B.R. Adams and T.R. Hosler [13]

Smaller ash particles, by virtue of their higher concentrations, could increase the scattering and
heat fluxes. Forward scattering was a reasonable first approximation, but the phase function
became more important at smaller sizes. An accurate representation of the particle size
distribution was important in calculating the absorption and scattering coefficients. However, a
Sauter mean diameter could be used with reasonable accuracy for radiation calculations if a
single particle size must be used to represent a poly-disperse particle distribution.

V. Kez et al. [14]

Radiative transfer calculations were carried out in a prototypical 2D geometry representative of
wet oxy-combustion. Temperature, specie, coal and ash concentration profiles were represented
as functional forms. Particle radiation accounted for 50% of the radiative transfer. The choice of
the complex refractive index for ash particles strongly impacted the results.

J. Guo et al. [15]
In a 2.5 MW furnace, radiation in the flame zone was dominated by particle contributions,
whereas the burnout region was dominated by gas. Particle property variation with burnout was
important, otherwise the particle radiation was over-estimated during oxy-fuel combustion.

It is important to note that the studies listed in Table 1 were primarily concerned
with first-generation oxy-combustion systems, where the maximum O2 concentration in
the oxidizer stream was 30% O2 by volume (OXY30). In addition, while the majority
of the studies highlight the importance of fly-ash radiation characteristics, none of the
studies employed a measured fly-ash PSD to assess the radiation impacts. For instance,
Johansson et al. [16] highlighted the importance of fly-ash PSD as the most important
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parameter compared to any of the uncertainties in the fly-ash complex index of refraction
in the radiation calculations while emphasizing that an appropriate Sauter mean diameter
may be used for radiation calculations without significant losses in accuracy, which aligned
with the conclusions of Adams and Hosler [13].

In summary, in order to understand the effects of the PSD on the deposition and
radiative transfer processes in second-generation oxy-combustion systems, we sought
answers to the following questions in this study:

1. Can the effects of fly-ash PKE on the measured deposition/shedding rates be modeled
based on available data? Since the OXY70 scenarios investigated by Wu et al. [1] and
Wang et al. [2] were associated with a three-fold reduction in volumetric flow rates in
comparison to the AIR scenario, the implications of this may extend beyond designing
second-generation oxy-combustion systems to optimizing load-following operations
involving biomass firing that are also associated with a significant (60–70%) reduction
in combustor flue gas flow rates when compared to baseload operation.

2. Can a PKE-critical viscosity-based criterion be employed to model the capture/deposition
of RH fly-ash given the widespread variability in its composition and properties [17]?
While recent efforts have focused on predicting deposition propensities based on an
equilibrium-based approach that uses fly-ash compositions and temperature to esti-
mate the melt fractions and liquidus temperatures of the fly-ash [1,18], the potential
for using a PKE-critical viscosity criterion for biomass fly-ashes has been shown by
Schulze et al. [19]. During this process, we also attempted to identify an appropriate
model for the particle viscosity, µP, in our calculations.

3. Given our current lack of knowledge regarding the relative importance of gas and
particle radiation in second-generation atmospheric pressure oxy-combustion systems
(cf. Table 1), we also wanted to quantify the contribution of fly-ash on the radiative
transfer processes given that its concentrations would be higher at these greatly re-
duced flue gas volumetric flow rates. In addition to the higher particle concentrations,
the generation of coarser fly-ash particles (in comparison to firing in air) may further
magnify its radiation contribution.

2. Results and Discussion
2.1. Carbon Burnout

Figure 1 shows the regions of carbon burnout in the four simulation scenarios when
employing the shrinking core heterogeneous combustion methodology. In spite of the wide
variation in the particle PSD of the parent fuels [cf. Figure 2a,c], complete char burnout
was accomplished in the ignition zone [cf. Figure 3] well upstream of the deposit probe.
Since no unburnt carbon was noted in the probe ash deposits in the experiments [2], this
provided a preliminary confirmation regarding the adequacy of the combustion models
employed in the simulations (cf. Table 2). However, a slightly earlier onset of burnout
prediction (closer to the burner) was noted in the OXY70 scenarios as a result of increased
thermal (higher temperatures) and mass diffusion (higher O2 concentrations).
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Table 2. Physics-based models employed in this study.

Physics Being Modeled Modeling Option

Particle devolatilization (heterogeneous) Constant rate (50, 1/s)

Char oxidation (heterogeneous)
Kinetic/diffusion-limited: shrinking core (PSD remains unchanged

from that of parent fuel), shrinking sphere * (density fixed at
1700 kg/m3 and PSD varies depending on mass consumption)

Volatile combustion (homogeneous) to form products: CO,
H2O, N2, SO2

Finite rate/eddy dissipation

CO oxidation to form CO2 (homogeneous) Finite rate/eddy dissipation
Turbulence Realizable k-epsilon

Particle drag law Morsi–Alexander
Model describing radiative transport Discrete ordinates

Particle radiative property Particle-burnout-dependent absorption (Qabs) and scattering
efficiencies (Qscat) [10] *

Particle scattering phase function Anisotropic (forward scattering)
Gas-phase radiative property Non-gray weighted sum of gray gases [20] *

Ash capture/deposition Particle-kinetic-energy-critical viscosity-based criterion [21] *
Ash shedding Particle-kinetic-energy-based criterion *

* These models were implemented as user-defined functions or add-on modules.

2.2. Gas Temperature

Figure 4 shows the centerline gas temperature predictions with corresponding mea-
surements from Wang et al. [2]. A good agreement between the predictions and measure-
ments was observed across all the scenarios. The agreement in the vicinity of the deposit
probe, where the gas temperatures were around 1250–1300 K, is particularly noteworthy.
While the profiles in Figure 4 correspond to those obtained from the shrinking core hetero-
geneous combustion model, the profiles from the shrinking sphere model did not result
in any discernible differences between the temperature profiles and are not shown here
for brevity.

2.3. Radiant Fractions

Having ascertained that the combustion characteristics and gas temperatures within
the combustor were being adequately represented, the individual contributions of gas
and particles to the overall radiative transfer were assessed next. For this, a radiative
fraction was defined as the ratio of the total net radiative fluxes transferred to the walls of
the combustor to the total thermal input (fuel flow rate × heating value). Table 3 reports
the percentage radiative fraction computed across all four scenarios when employing
the shrinking core heterogeneous combustion model. Surprisingly, in spite of the strong
dependency of the particle absorption and scattering coefficients on the PSD (cf. Equations
(1) and (2)), the radiative fractions did not change between the shrinking core and shrinking
sphere simulation scenarios. Further, even when the effects of particle radiation were
completely ignored by setting the particle absorption and scattering efficiencies to zero,
the changes to the radiative fraction reported in Table 3 were minimal. This indicated
that the radiation in the investigated scenarios was dominated by the participating gases.
Further, the radiative fraction was noted to be higher in the OXY70 scenario due to the
higher temperatures near the burner (cf. Figure 4) and the higher concentrations of CO2
and H2O within the combustor.
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Figure 1. Regions of carbon burnout. Complete carbon burnout was predicted in the ignition zone
(wide section) before reaching the probe (indicated by arrow).
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Figure 2. The measured and modeled particle size distributions (PSDs) of the parent fuel: (a) US
RH (shrinking core); (b) US RH (shrinking sphere); (c) Chinese RH (shrinking core); (d) Chinese RH
(shrinking sphere).

Table 3. Predicted % radiative fractions.

Radiative Fraction
(Gas + Particle)

Radiative Fraction Gas Only
(Without Particle Radiation)

US RH AIR 81 80
Chinese RH AIR 83 82
US RH OXY70 95 95
Chinese RH OXY70 95 95
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Figure 3. Geometric details of the down-flow OFC combustor. (a) Domain for combustion simulations;
(b) domain (radiation zone only) for the ash deposition simulations where the measured fly-ash PSD
and density were employed to model the deposition rates; (c) the finely resolved mesh near the probe.

2.4. Ash Deposition Rates Using Shrinking Core and Shrinking Sphere Methodologies

Table 4 shows the impaction and deposition rates when employing the shrinking core
and shrinking sphere methodologies. First, it is noteworthy that the impaction rates did
not vary significantly between the two methodologies in spite of the fly-ash PSD variations
between the two models (cf. Figure 2). Second, since the impaction rates were solely a
function of particle Stokes number (Stk), it is surprising that the OXY70 scenarios (where the
particle velocities and therefore the Stokes number were lower) showed a higher impaction
rate than the corresponding AIR scenario. Stk is defined as:

Stk =
ρpdp

2up

9µgdc
(1)

Table 4. Impaction and deposition rates employing shrinking core/shrinking sphere methodologies.

Units:
g/m2-h

Measured
Deposition

Rates

Predicted Deposi-
tion Rates

(Shrinking Core)

Predicted Deposi-
tion Rates

(Shrinking Sphere)

Predicted Impaction
Rates

(Shrinking Core)
(ηimpaction)

Predicted Impaction
Rates

(Shrinking Sphere)(
ηimpaction)

US RH AIR 160 ± 70 0 0 250 (16) 307 (19)
US RH OXY70 220 13 17 475 (30) 484 (30)

CH RH
AIR 30 * 1 1 489 (68) 466 (65)

CH RH
OXY70 160 * 1 2 542 (75) 600 (83)

* Measured deposition rates averaged across the first 20 min prior to shedding onset.
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Figure 4. Comparison of centerline temperature predictions against measurements [2] along the axial
length of the combustor (a–d).

In Equation (11), up is the average particle velocity near the probe, dp is the particle
diameter, ρp is the particle density, µp is the gas viscosity and the probe diameter, dc, is
equal to 0.06 m.

Impaction efficiencies (ηimpaction) were defined as:

ηimpaction =
mimpact Ap

m f x f Ac
(2)

where mimpact is the mass of ash impacting the probe, mf is the mass of fuel fed into the
furnace, xf is the ash content of the fuel, Ac is the projected area of the probe and Ap is the
cross-sectional area of the OFC. Wu et al. [1] estimated the ηimpaction of the Chinese RH to
be around 35% for both the AIR and OXY70 scenarios by performing plug flow calculations,
employing the fly-ash PSD. The ash deposition rates on the probe were monitored, and the
corresponding collection efficiencies (ηimpaction) were defined as:

ηcollection =
md Ap

m f x f Ac
(3)
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Note that capture and erosion efficiencies were estimated from the predicted ηimpaction

and ηcollection as follows:

ηcapture =
ηcollection

ηimpaction (4)

Since the fly-ash PSDs following complete burnout remained identical between the
AIR and OXY70 scenarios, this points to complex flow features near the deposit probe
where the local segregation of particles may occur where larger-sized particles were likely
impacting the probe in the OXY70 scenarios and flowing around the probe in the AIR
scenarios. Similar observations were made by Krishnamoorthy et al. [22] in OXY27 and
OXY70 scenarios where the fly-ash PSD values were identical to the parent fuel PSD
(shrinking core), yielding identical impaction rates in spite of a 2.5-fold variation in the
volumetric flow rates. In addition, the predicted deposition rates using both the shrinking
sphere and shrinking core methodologies were significantly lower than the measured
deposition rates. This can be reconciled based on the PKE of the impacting particles,
as shown in Figure 5. It is noteworthy that the majority of the particles across all the
scenarios had a PKE > 1 × 10−10 J. In addition, the fly-ash viscosities were µP > 106 Pa-s at
a temperature of 1250 K. Particles that meet both these criteria were likely to “bounce off”
as per our capture criterion (cf. Figure 6b). Therefore, the PKE distribution likely needs
to be much lower than those predicted from either the shrinking core or shrinking sphere
modeling options to match the measured deposition rates. Therefore, this indicated that a
well-characterized fuel PSD by itself was insufficient to match the deposition rates/trends,
pointing to a need for more accurate fly-ash PKE distributions near the probe prior to
impact. In addition, to obtain an accurate resolution of the gas velocities near the probe,
a knowledge of a reasonable fly-ash PSD in conjunction with fly-ash densities would
be required.

2.5. Ash Deposition Rate Predictions from Measured Fly-Ash PSD

Since fly-ash PSD and densities cannot be tailored/controlled simultaneously when
employing heterogeneous combustion methodologies such as the shrinking core/shrinking
sphere methods, a decoupled approach was required, where fly-ash of a specified PSD
(either measured or reasonably approximated) and fixed density (estimated as 1700 kg/m3

in this study) were injected as inert particles from a section where complete burnout had
been accomplished (cf. Figure 3b). In addition, the velocity, temperature and species
profiles from the fully coupled simulations were also transferred. Since this region of
the domain was only associated with the cooling of the flue gas (following complete
combustion), this was a reasonable approach, the validity of which has been demonstrated
by us previously [21,26]. Fortunately, measurements of the fly-ash PSD near the deposition
probe for the Chinese RH were available from Wu et al. [1] and are shown in Figure 7.
The measurements were fit using a Rosin–Rammler functional form and are also shown in
Figure 7 and were simulated using 100 discrete bins. It is worth noting that OXY70 resulted
in a coarser fly-ash PSD (a mean diameter of 100 µm as opposed to the mean diameter
of 70 µm resulting from combustion in the AIR scenario) due to the higher temperatures
and longer residence time within the combustor. The impaction and deposition rate
predictions when using the measured fly-ash PSD in a decoupled manner as shown in
Figure 3b are reported in Table 5. First, unlike the observations in Table 4, where higher
impaction rates were associated with the OXY70 scenario, the impaction rates were identical
between the AIR and OXY70 scenarios when the measured fly-ash PSD and correct ash
densities (1700 kg/m3) were employed in the simulations. This was attributed to increased
agglomeration and coarser particles, resulting in the OXY70 scenario that yielded fly-
ash Stokes numbers similar to those observed in the AIR scenario in spite of a 60–70%
reduction in gas velocities. However, we caution that the impaction rate differences between
the two scenarios (AIR and OXY70) were very specific to the fly-ash PSD. For instance,
when employing measured coal fly-ash PSD in decoupled calculations, we indeed showed
2.5–3.7 times higher impaction rates in the OXY70 scenarios [21,26].
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Figure 5. Particle kinetic energies (in J) using different modeling methodologies: (a) shrinking core;
(b) shrinking sphere.
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Figure 6. (a) RH ash viscosity predictions employing different models from Senior and Srini-
vasachar [23–25] (Equation (5)); (b) the sticking criterion (Equations (3) and (4)) represented as
a function of particle viscosity (µP) and particle kinetic energy (PKE).
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Second, Table 5 shows that the deposition rates were more in line with the measured
values, indicating an improved estimate of fly-ash PKE distributions in these scenarios, as
shown in Figure 8. The capture efficiencies were marginally higher in the OXY70 scenario
due to the lower PKE. Conversely, the higher PKE in the AIR scenario resulted in higher
erosion rates. The differences in the deposition rates reported in Tables 4 and 5 may be
explained by comparing the PKE distributions in Figures 5 and 8. The shrinking core
and shrinking sphere methodologies, even when based on well-characterized fuel PSD
information, tended to over-estimate the PKE (cf. Figure 5), causing more particles to
rebound as per our capture criterion (cf. Figure 6b). However, when a measured fly-ash
PSD, in conjunction with the ash densities, was employed, the accuracies in the PKE
predictions improved. Figure 8 shows that the PKE distributions shifted to lower ranges (in
comparison to Figure 5), thereby enabling higher capture rates and bringing our deposition
rate predictions in line with the measured values.

Table 5. Predicted impaction, deposition and erosion rates for Chinese RH.

Units:
g/m2-h

Measured
Deposition

Rates

Predicted
Impaction

Rates
(ηimpaction)

Predicted
Deposition

Rates
(Without
Erosion)

Predicted
Erosion

Rates

Predicted
Deposition

Rates
(With

Erosion)

Predicted
Capture

Efficiency(
ηcapture)

Predicted
Erosion

Efficiency(
ηerosion)

CH RH
AIR 30 * 117 (16) 86 24 62 74 28

CH RH
OXY70 160 * 124 (17) 105 12 93 85 12

* Measured deposition rates averaged across the first 20 min prior to shedding onset.

Table 6 reports the results from similar decoupled calculations based on reasonable
estimates of the fly-ash PSD. Again, the impaction rates were similar between the AIR and
OXY70 scenarios in spite of employing similar fly-ash PSD values in the two scenarios
and the lower velocities associated with the OXY70 scenario. This indicated complex flow
behavior near the probe, causing a higher particle Stk near the probe in the OXY70 scenario,
a feature that cannot be captured using simple plug flow assumptions. However, higher
capture rates were observed in the OXY70 scenario due to the lower PKE. Correspondingly,
higher erosion rates were observed in the AIR scenario, which were attributed to the higher
PKE. Further, the deposition rates were in reasonable agreement with the measured values
shown in Table 4.

Table 6. Predicted impaction, deposition and erosion rates for US RH.

(Mean
Diameter,
Spread)

Predicted Impaction Rates
g/m2-h(

ηimpaction)
Predicted Deposition Rates

(Without Erosion)
g/m2-h(
ηcapture)

Predicted Erosion Rates
g/m2-h(
ηerosion)

(35, 1.1) (50, 1.1) (50, 0.9) (35, 1.1) (50, 1.1) (50, 0.9) (35, 1.1) (50, 1.1) (50, 0.9)

US RH
AIR 166 (23) 234 (15) 225 (14) 67 (41) 69 (30) 60 (26) 5 (7) 18 (25) 27 (46)

US RH
OXY70 176 (25) 238 (15) 230 (14) 134 (76) 152 (64) 133 (58) 0 (0) 3 (2) 7 (5)
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Figure 7. The measured (dots) and modeled particle size distribution (PSD) of the fly-ash particles
near the deposit probe (shown as a bold line): (a) Chinese RH (AIR); (b) Chinese RH (OXY70).
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Figure 8. Particle kinetic energies (in J) using fly-ash PSD.

3. Materials and Methods

A computational fluid dynamic (CFD) methodology with add-on modules for gas
radiative properties, particle radiative properties and ash deposition modeling were utilized
in this study to answer the aforementioned questions.

The 3D geometry representation of the down-flow laboratory combustor (oxyfuel
combustor or OFC) at the University of Utah that was employed in the investigations of
Wu et al. [1] and Wang et al. [2,3] was simulated in this study and is shown in Figure 3a.
The geometry was meshed with 1.1 M cells after ensuring the grid convergence of the
temperature and velocity fields at this level of refinement. We also made sure that the
boundary layer surrounding the ash probe was of sufficient resolution (as per the criteria
set forth in Weber et al. [27]) to ensure accurate particle impaction predictions, i.e., we
ensured that the size (∆) of the numerical cells adjacent to the cylindrical probe of diameter
D was well within the constraint ∆ ≤ 0.3240D/4√Re . All the simulations were carried out
in ANSYS FLUENT v 21 [28]. The walls of the ignition zone (cf. Figure 3a) were set to a
temperature of 1250 K. The homogeneous gaseous combustion reactions were simulated
using a two-step mechanism with CO being produced during devolatilization followed by
its oxidation to CO2 during the second reaction. The particle tracking was accomplished in
a Lagrangian reference frame where the particle trajectory was carried out by taking into
account various forces such as discrete phase inertia, hydrodynamic drag and the force
of gravity.

Table 7 summarizes the proximate and ultimate analyses of the fuels simulated in this
study, which were based on the experimental information reported in Wang et al. [2], and
the key flow rates corresponding to the experimental scenarios that were investigated are
reported in Table 8.
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Table 7. Characteristics of the rice husks (RH) employed in this study.

Proximate Analysis (wt. %) Ultimate Analysis (wt.%, Dry Ash Free)

US RH

Fixed
Carbon 9.22 C 28.47

Volatiles 48.96 H 4.15
Ash 33.67 N 1.05

Moisture 8.16 S 0.1
HHV(kJ/kg) 11551 O 24.42

Chinese RH

Fixed
Carbon 13.75 C 35.78

Volatiles 60.76 H 5.08
Ash 15.08 N 0.44

Moisture 10.41 S 0.082
HHV(kJ/kg) 14576 O 33.13

Table 8. Inlet and wall boundary conditions employed in this study.

US RH
AIR

US RH
OXY70

Chinese RH
AIR

Chinese RH
OXY70

RH mass flow rate (kg/h) 0.86 0.86 0.86 0.86
Natural gas mass flow rate (kg/h) (tertiary burner) 2.0 2.0 2.0 2.0

Primary burner oxidizer mass flow rate (kg/h) 10.8 10.8 10.8 10.8
Primary burner species concentrations (mol%)

O2 21 21 21 21
N2 79 0 79 0

CO2 0 79 0 79
Secondary burner oxidizer mass flow rate (kg/h) 30.6 7.2 30.6 7.2

Secondary burner species concentrations (mol%)

O2 21 100 21 100
N2 79 0 79 0

CO2 0 0 0 0

The different physics-based models employed to simulate the turbulent combustion
process in this study are summarized in Table 2. Although the maximum y+ value at the
probe resulting from the finely resolved mesh (cf. Figure 3c) was less than 1 across all the
investigated scenarios, the y+ value was greater than 1 in several regions away from the
probe. Consequently, the Menter–Lechner (y+ insensitive) modeling option was employed
for the near-wall treatment [28].

The add-on modules utilized in this study along with the motivation for doing so are
briefly summarized below:

Shrinking sphere heterogeneous combustion model: The default heterogeneous com-
bustion modeling option in ANSYS FLUENT [28] adopts a shrinking core methodology,
where the PSD of the fly-ash is the same as that of the parent fuel, and any mass loss
resulting from the combustion process is accounted for by varying the particle density.
For instance, Figure 2a,c show the measured [2] and modeled PSDs of the parent fuel.
As per the shrinking core model, the PSD of the fly-ash exiting the combustor (following
complete burnout) remains the same as the corresponding parent fuel PSD. To alleviate
this shortcoming, the density of the combusting particle was fixed at 1700 kg/m3, causing
the diameter of the particle to change to account for the mass loss. We called this the
“shrinking sphere” model. Figure 2c,d show the fly-ash PSD at the outlet when applying
this methodology. The US RH, by virtue of its higher ash content (cf. Table 7), showed a
lower percentage change in its size compared to the Chinese RH. The modeled distributions
were fit to the functional form of a Rosin–Rammler distribution and are also shown in the
corresponding figures and were simulated using 100 discrete bins.
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Customized gas radiative property models: The OXY70 combustion scenarios were
characterized by low H2O/CO2 ratios (<0.5) resulting from the prevailing concentrations
of radiatively participating gases. Since the default emissivity models in ANSYS FLU-
ENT [28] are tailored towards H2O/CO2 ratios between 0.5–2.5 (representative of hydro-
carbon combustion in air), customized and validated models for gas radiative properties
were necessary.

Customized particle radiative property models: Recent efforts for discerning the radia-
tive properties of fly-ash (i.e., its absorption and scattering efficiencies) are summarized in
Table 9. Since particle absorption (Qabs) and scattering efficiencies (Qscat) are often reported
in terms of a particle size parameter (x = πd/λ), where d is the diameter of the particle and
λ is the wavelength of light, it may be worthwhile keeping in mind that the wavelength
region 1–100 µm is of interest in combustion scenarios, with the peak emission in this study
occurring at approximately the 1–3 µm wavelength range. kabs and kscat in Table 9 refer to
absorption and scattering coefficients (in m−1), respectively.

The particle absorption (kabs) and scattering coefficients (kscat) of the particles were
computed from the absorption (Qabs) and scattering efficiencies (Qscat) as follows:

kabs = ∑N Qabs
Apn

V
(5)

kscat = ∑N Qscat
Apn

V
(6)

In Equations (1) and (2), the summation is over N particles within the control volume
V, and Apn is the projected area of the nth particle.

PKE-critical viscosity-based ash capture criterion: A PKE-critical viscosity-based ash
capture criterion that was originally developed for silica-rich soda lime glasses, but whose
validity for biomass ashes has been established, was also implemented as a UDF. In this
study, a critical particle-viscosity-based capture criterion was adopted, where the capture
probability (Pstick) was equal to unity if the particle viscosity (µp) was lower than the critical
viscosity (µp,critical):

Pstick = 1 if µp ≤ µp,critical (7)

Otherwise, Pstick was zero. The following relationship between PKE (neglecting its
rotational component) and critical viscosity (µp,critical) proposed by Kleinhans et al. [4]
was adopted:

µp,critical =
5× 10−12

PKE1.78 (8)

Table 9. A summary of recent studies for discerning the radiative properties of fly-ash.

Reference Summary

Bäckström et al. [29]
Qabs of coal and ash particles of size 10 µm were approximately 1 and 0.5, respectively, in
the IR region of 1–3 µm. The corresponding Qscat were 1.5 at this size range but increased to
as high as 4 for smaller ash particles (1 µm).

Ates et al. [30]

Five different complex index of refraction models were compared across five ash
composition variations. In the IR region of 3–10 µm, Qabs was between 0 and 1 across all the
particles sizes between 10–200 µm. Qscat values were approximately 1.5 across this size
range but increased to as high as 4 for smaller ash particles (1 µm). In conditions
representative of a PC fired furnace, kscat was greater than kabs.
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Table 9. Cont.

Reference Summary

Jiayu and Xiaobing [31]

At particle volume fractions that were representative of the combustion zone of boilers
(~10−5), Qabs and Qscat of the coal and fly-ash particles were estimated to be about 1.0 and
1.5, respectively, for the particle size parameters (x = πd/λ) of interest in this study.
However, the heat fluxes seemed to be more dependent on the phase function and more
significant for smaller-sized particles

Schiemann et al. [32]

Spectrally averaged emissivity of particles was reported in specific sizes. The total
emissivity was shown to decrease with decreasing the particle size and increasing the
temperature. A simple linear correlation between emissivity and temperature
was proposed.

Pörtner et al. [33]
The total emissivity of both coal and biomass char were shown to decrease with increasing
the temperature. A simple linear correlation between emissivity and temperature
was proposed.

Doner et al. [34]

Absorbance characteristics of lignite coal, biomass and hard coal were investigated and
reported. For Sauter mean diameters in the range of 5–10 µm, Qabs and Qscat values of 1.0
and 1.5, respectively, seemed to be good approximations in the IR region of interest. The
study highlighted the importance of determining the k index of the complex index
of refraction.

Based on the results summarized in Table 9, Qabs and Qscat were determined to vary
during the fuel combustion process as follows (Table 10):

Table 10. RH radiative property variations employed in the simulations.

Qabs Qscat Qscat/Qabs

Parent fuel 1.13 1.3 1.15

Char 0.59 1.5 2.54

Ash 0.05 1.7 34.00

The compositional and temperature dependencies of the particle viscosity (µp) were
modeled based on the empirical relationships proposed by Senior and Srinivasachar [23]
that have previously been demonstrated to be accurate for the gas temperature range of
interest in this study (1150–1250 K). Briefly, the particle viscosity µP (Pa-s) was expressed
as a function of particle temperature Tp and two composition-dependent model constants,
“A” and “B”, as follows:

µ = ATp exp
(

1000B
Tp

)
(9)

The model constant “B” was first calculated from the mass fractions of the different
metal oxide (MxOy) constituents of the ash:

B = f
(
MxOy

)
(10)

where the metal oxide (MxOy) compositions of the bulk ash of the parent fuel (RH) were
employed to estimate the constant B. The model constant “A” was then estimated from “B”
as follows:

A = f(B, NBO/T) (11)

where NBO/T is the ratio of non-bridging oxygen atoms (NBO) to the tetrahedral oxygen
atoms in the glassy silica network of the ash. NBO/T was determined as a function
of the metal oxide (MxOy) compositions of the bulk ash of the parent fuel (RH). In the
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Senior and Srinivasachar model [23], two sets of the constants A and B were computed
corresponding to the high-temperature and low-temperature data sets employed in their
formulation. Correspondingly, two sets of particle viscosities (cf. Equation (5)) were initially
computed for each particle when employing this model, and the larger of the two values
was assigned to µP. Figure 6a shows recent measurements of the viscosities of silica-rich RH
ash compared against the viscosities of the US RH and Chinese RH employed in this study.

The NBO/T (cf. Equation (7)) of the US RH and Chinese RH were 0.07 and 0.13,
respectively, causing significant differences in their viscosities. Nevertheless, the viscosi-
ties were in reasonable agreement with recent measurements of RH fly-ash reported in
the literature [24,25].

In Figure 6b, the sticking criterion (Equations (3) and (4)), represented as a function of
particle viscosity (µP) and particle kinetic energy (PKE), is represented as a diagonal line
demarcating the sticking and rebounding conditions. The gas temperature near the deposit
probe was measured to be near 1250 K [2]. This indicated that the particle viscosity (µP)
for the RH fly-ash was in the vicinity of 106 and 108 Pa-s for the Chinese RH and US RH,
respectively. Figure 6b provides a preliminary indication of the deposition propensities by
suggesting that the PKE should be less than 10−10 and 10−11 J for the Chinese RH and US
RH, respectively, for capture.

Erosion or shedding model: An erosion/shedding criterion was developed based on
the framework provided by Zhou and Hu [35] and implemented as a UDF. The energy (E)
required to remove the deposit was computed as follows:

E = 2πd2
depγ

(
1−

[
3
√

1− η
])

(12)

where ddep is the diameter of the deposit, η is the melt fraction of the deposit, assumed to
be 0.2 at 1300 K as per the equilibrium calculations of Wu et al. [1], and the surface tension,
γ, was modeled as a function of the particle temperature, Tp, as follows:

γ = −0.0003Tp + 0.66 (13)

ddep was expressed as a function of the impacting particle diameter through a spreading
ratio computed as follows:

ddep =

[
4sinθ

Tan2θ(2 + cosθ)

] 1
3
dp (14)

where a value of 67 degrees was assigned for θ as per Zhou and Hu [35].

4. Conclusions

Second-generation oxy-combustion systems, where rice husk (RH) is co-combusted
with natural gas in highly enriched oxygen concentrations (~70 mol % in oxidizer), present
a net carbon-negative energy production opportunity while minimizing flue gas recycling.
In addition, by tailoring/controlling the particle size distribution (PSD) of the non-sticky
(high fusion temperature), silica-rich RH fly-ash, the ash deposition could be controlled by
either minimizing the particle impaction or intentionally promoting the impaction-based
shedding of the deposits. However, the fly-ash PSD could also alter the radiative transfer
and heat extraction characteristics within the combustor. In order to understand these
mechanisms and identify the optimum operating conditions, fuel particle sizes and fuel
(RH/natural gas) mass ratios that minimize the ash deposition, a computational fluid
dynamic (CFD) methodology was developed and refined to explain the recent experimental
observations of ash deposition and shedding in RH/natural gas combustion scenarios in
air and O2/CO2 (70/30 vol %, OXY70) oxidizer compositions. Two different types of RH
(US RH and Chinese RH) with widely varying ash contents (by % mass) and inlet fuel
PSDs were simulated. With the aid of add-on models for ash deposition, shedding and
gas radiative properties, the outer ash deposition and radiative transfer characteristics
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were examined. A particle-viscosity- and kinetic-energy (PKE)-based capture criterion
was enforced to model the ash capture (following impaction) after identifying appropriate
models for RH ash viscosities that were accurate in the temperature region (1200–1300 K)
of interest in this study. The energy required to remove a deposited particle was modeled
to simulate the shedding behavior. Based on the results of the calculations, the following
conclusions were drawn:

1. The predicted temperature profiles along the combustor and particularly near the
deposit probe agreed well with the measurements across the four scenarios, demon-
strating the adequacy of our combustion modeling procedure. Concurring with
experimental observations involving the combustion of several different fuels within
this combustor, the simulations also showed that complete carbon burnout occurred
prior to the ash deposition at the probe. In spite of the higher oxidizer content in
the OXY70 scenario, the gas temperatures near the probe ranged from 1250–1350 K,
which is characteristic of gas temperatures near the super heater region in full-scale
boilers. Furthermore, the OXY70 scenarios were associated with a 60–70% reduction
in the volumetric flow rates. Therefore, the results from this study may provide
valuable insights into ash deposition characteristics under load-following operational
scenarios (e.g., 35–50% of the base load) where lower velocities but approximately
similar temperatures to that of the base load may be encountered.

2. A shrinking core modeling methodology, where the PSD stays invariant from that of
the parent fuel throughout the combustion process, and a shrinking sphere methodol-
ogy, where the density is held constant while the PSD varies, were adopted to assess
the particle impacts on the radiation and heat extraction characteristics. Despite the
wide PSD variation between the two fuels and the two methodologies, gases domi-
nated the radiative transfer in these configurations. Radiation accounted for 80% and
95% of the overall heat transfer in the AIR and OXY70 firing scenarios, respectively.

3. A well-resolved boundary layer grid was employed near the deposit probe to repre-
sent the particle impaction characteristics accurately. In spite of the velocities in the
OXY70 scenario being 60–70% lower, the ratios of the impaction rates (OXY70/AIR)
were in the range of 1.5–2.0-times for the US RH and in the range 1.1–1.3-times for the
Chinese RH when employing conventional char combustion methodologies (shrink-
ing core and shrinking sphere). Since identical parent fuel PSDs were employed for
both the AIR and OXY70 scenarios, the fly-ash PSDs near the deposit surface would
also be identical near the deposit surface (following complete burnout). Therefore,
the surprisingly higher impaction rates associated with the OXY70 scenario points
to complex flow features near the probe along with the local segregation of larger
sized particles.

4. Based on viscosity measurements in similar silica-rich RH ashes, the temperature-
dependent viscosity correlations proposed by Senior and Srinivasachar [23] were
deemed to be sufficiently accurate to estimate the ash particle viscosity across the
temperature range of interest in this study. However, the predicted deposition rates
were grossly under-estimated when employing the PKE-critical viscosity-based ash
capture criterion in conjunction with conventional char combustion methodologies
(shrinking core and shrinking sphere) pointing to either a need for accurate fly-ash
PSD information near the probe or a shortcoming of the capture criterion itself.

5. To identify the source of the discrepancy, measured fly-ash PSDs near the deposit sur-
face (that were only available for the Chinese RH) were employed in the calculations.
This improved the deposition rate predictions significantly. The predictions improved
further when a simple erosion model (that took the PKE and particle surface tension
into account) was employed in conjunction with the capture criterion.
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6. When more accurate or representative fly-ash PSDs were employed in these scenarios,
the impaction rates were similar in both the AIR and OXY70 conditions. However,
the OXY70 scenarios showed higher ash-capturing propensities due to the lower
PKE. Conversely, higher erosion rates (due to the larger PKE) were predicted in the
AIR firing scenarios. Both these effects may help explain the higher deposition rates
measured in OXY70 for both RHs.

Funding: This research was funded through the University Coal Research Program administered by
DOE-NETL (Award Number: DE-FE0031741).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is available upon request.

Acknowledgments: This research was funded through the University Coal Research Program ad-
ministered by DOE-NETL (Award Number: DE-FE0031741).

Conflicts of Interest: The author declares no conflict of interest.

Nomenclature
AP Particle surface area, m2

d Diameter, m
E Energy, J
k Extinction coefficient, 1/m
PKE Particle kinetic energy, J
Q Extinction efficiency
Re Reynolds number
Stk Stokes Number
T Temperature, K
u Velocity, m/s
V Particle volume, m3

Greek Symbols
γ Surface tension, N/m
η Efficiency
ρ Density, kg/m3

µ Viscosity, kg/m-s
Subscripts
p Denotes particle
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