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Abstract
Co-firing rice husk (RH) and coal with carbon capture using oxy-combustion presents a net carbon negative energy produc-
tion opportunity. In addition, the high fusion temperature of the non-sticky, silica rich, RH can mitigate ash deposition as 
well as promote shedding of deposits. To identify the optimum operating conditions, fuel particle sizes, and blend ratios that 
minimize ash deposition, a Computational Fluid Dynamic methodology with add-on ash deposition and shedding models 
were employed to predict outer ash deposition and shedding rates during co-combustion of coal/RH in AIR and  O2/CO2 
(70/30 vol%, OXY70) oxidizer compositions. After ensuring that the fly-ash particle size distributions and particle Stokes 
numbers near the deposition surface were accurately represented (to model impaction), appropriate models for coal ash and 
RH ash viscosities that were accurate in the temperature region (1200–1300 K) of interest in this study were identified. A 
particle viscosity and kinetic energy (PKE) based capture criterion was enforced to model the ash capture. An erosion/shed-
ding criterion that takes the deposit melt fraction and the energy consumed during particle impact into account was also 
implemented. Deposition rate predictions as well as the deposition rate enhancement (OXY70/AIR) were in good agreement 
with measured values. While the OXY70 scenario was associated with a significant reduction (60%–70%) in flue gas veloci-
ties, it also resulted in larger fly-ash particles. As a result, the PKE distributions of the erosive RH ash were similar in both 
scenarios and resulted in similar shedding rates.
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Abbreviations
D  Diameter, m
e  Erosivity
E  Energy, J
Re  Reynolds number
Stk  Stokes Number
T  Temperature, K
u  Velocity, m/s

Greek symbols
�  Surface tension, N/m
�  Efficiency
�  Density, kg/m3

�  Viscosity, kg/m s
ξs  Molten slag fraction

Subscripts
p  Denotes particle

1 Introduction

1.1  Rice husk/coal co‑combustion

Co-firing rice husk (RH)—a carbon–neutral renewable 
energy source, and coal with carbon capture using oxy-com-
bustion presents a net carbon negative energy production 
opportunity. RH has a heating value comparable to that of 
lignite, has a high ash content (13 wt%–29 wt%) that is rich 
in silica (87 wt%–97 wt%). In spite of this, coal/RH co-firing 
scenarios appear to reduce fouling propensities due to the 
formation of high-fusion-temperature, non-sticky rice husk 
ash along with the capture of fouling-inducing species from 
coal by the RH ash (Wu et al. 2018, 2019). In addition to 
these fuel-ash interactions, the ash from co-firing RH and 
coal were found to possess crystalline structures similar to 
that of coal ash. Despite these advantages, operating at an 
optimum blend ratio (Coal: RH) is also important. RH-Coal 
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co-combustion characteristics such as ignition time and tem-
perature, burnout time, ash transformation characteristics 
and ash fusion temperature at different blending ratios have 
been investigated by Yang et al. (2022) and Wang et al. 
(2020a). Yang et al. (2022) recommended a blend ratio 
(Zhungdong coal: RH hydrochar) of at least 7:3 to avail the 
benefits of co-combustion. Similarly, Chao et al. (2008) and 
Kwong et al. (2007) identified 10 wt%–30 wt% of RH in 
the fuel feed as an optimum range for minimizing pollutant 
emissions per unit energy output.

1.2  Ash deposition in first generation, atmospheric 
pressure oxy‑combustion systems

The primary objectives of first generation oxy-fuel combus-
tion systems were to match the heat flux and temperature 
profiles associated with combustion in air. This was typically 
accomplished by maintaining 27 vol%–32 vol%  O2 (with 
the remainder being  CO2 +  H2O) in the oxidizer stream and 
was accompanied by a 25%–30% reduction in the volumetric 
flow rate of the gases through the combustor with a corre-
sponding decrease in the gas and particle velocities. How-
ever, the resulting increase in particle residence time also 
promoted physio-chemical interactions among the fly-ash 
and resulted in a PSD shift to larger diameters in comparison 
to air firing. The net result of both these changes was either 
an increase/decrease in ash deposition rates under oxy-firing 
in comparison to firing in air due to wide variations in the 
fuel, reactor geometry and probe temperatures across the 
investigated scenarios. Nonetheless, there appears to be a 
somewhat of a general consensus regarding the aerodynamic 
effects associated with the deposition process in these first-
generation, atmospheric pressure systems as summarized in 
a recent review by Yu et al. (2021).

1.3  Ash deposition in second generation, 
atmospheric pressure oxy‑combustion

The main objectives of second generation, atmospheric pres-
sure oxy-combustion systems is to improve the economic 
feasibility of oxy-combustion cycles by minimizing the 
costs associated with air-separation, flue gas recycle and 
 CO2 compression and storage. The use of a highly oxygen 
enriched oxidizer stream (up to 70%–80%  O2 by volume) 
and the associated 60%–70% reduction in the volume of 
flue gas circulating through the combustor in comparison 
to combustion in air shows significant potential for effi-
ciency improvements to be realized (Gopan et al. 2020). 
Again, these conditions result in: a corresponding reduc-
tion in the combustor gas velocities, an associated increase 
in ash concentrations, temperatures and particle residence 
times at thermal loads identical to combustion in air (Wang 
et al. 2019a, b). These factors in turn alter the particle size 

distribution (PSD) of the fly-ash particles by increasing their 
molten fraction, promoting mineral interactions, and provid-
ing more opportunities for physiochemical transformations. 
Studies from Prof. Wendt’s group at the University of Utah 
have indeed shown the PSD of the fly-ash particles to shift 
towards larger size ranges in these highly oxygen enriched 
environments (Wu et al. 2019; Wang 2019). Consequently, 
Prof. Wendt’s group (Wang et al. 2019a, b; Wu et al. 2019; 
Wang 2019, Zhan et al. 2016) found an enhancement in 
ash deposition rates in all of the second generation oxygen 
enriched conditions (when compared to combustion in air) 
encompassing a wide range of fuel-types including coal/RH 
blends and attributed this to both aerodynamic and chemical 
effects. Since second generation oxy-combustion systems 
also result in higher temperatures within the combustor, 
this causes a corresponding variation in the ash properties 
(viscosity, surface tension and molten fraction or thermal 
effects) thereby influencing deposition/sticking propensi-
ties. However, the relative influences of the aerodynamic, 
chemical and thermal effects on the ash deposition rates have 
not been quantified and is a void this paper will attempt to 
fill. An additional phenomenon that has been noted in these 
systems is that if the RH fuel PSD is larger than the coal 
PSD, the resulting larger-sized RH ash particles under the 
right aerodynamic conditions can induce shedding of the 
ash deposits (Wu et al. 2019; Wang et al. 2019b). A second 
goal of this manuscript is implement and evaluate the per-
formance of a recently proposed erosion/shedding model 
that takes the deposit melt fraction and the energy consumed 
during particle impact into account to discern if the observed 
shedding characteristics can be replicated in the simulations.

1.4  Objectives of this study

The primary objectives of this study is to discern the causa-
tive mechanisms behind the observed deposition/shedding 
behavior observed by Wu et al. (2019) in the two Coal/RH 
co-firing scenarios (AIR and  O2/CO2 (70/30 vol%, OXY70) 
oxidizer composition). In particular, we seek answers to the 
following questions:

(1) Given that: the RH fly-ash was larger in size and more 
porous than the coal fly-ash in both (AIR and OXY70) 
scenarios and there was a three-fold variation in flue 
gas volumetric flow rate between the two scenarios, 
what is the net result of these variations on the fly-ash 
impaction rates/efficiencies on the deposit probe?

(2) Given that: the observed variations in the fly-ash char-
acteristics stated above (PSD, density and velocity) 
directly impact particle kinetic energy (PKE), and the 
ash compositional and temperature variations (between 
AIR and OXY70) impact surface tension and particle 
viscosity, what is the net result of these variations on 
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the fly-ash capture and collection efficiencies on the 
deposit probe?

(3) Can the deposit melt fraction (estimated by Wu et al. 
2019) and the energy consumed during particle impact 
(obtained by accurate resolution of the PKE) be taken 
into account to develop an erosion/shedding criterion 
that faithfully reproduces the erosion/shedding charac-
teristics observed in the experiments?

A Computational Fluid Dynamic (CFD) methodology 
with the following add-on modules were utilized in this 
study to answer the aforementioned questions:

(1) Accurate radiative property models for gases and parti-
cles OXY70 combustion scenarios are characterized by 
low  H2O/CO2 ratios and are dominated by gas radiation 
due to the high concentrations of radiatively participat-
ing gases. To ensure that the gas temperatures are being 
accurately represented, validated models for the gas 
radiative properties (Krishnamoorthy 2013) and fly-ash 
(Krishnamoorthy and Wolf 2015) were implemented as 
user-defined functions (UDF) in the CFD code ANSYS 
FLUENT (ANSYS Fluent Theory Guide 2020).

(2) 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 UDF. This was 
done after ensuring that the boundary layer surround-
ing the ash probe was of sufficient resolution (as per 

the criteria set forth in Weber et al. 2013) to ensure 
accurate particle impaction predictions i.e., we ensured 
that the size (Δ) of the numerical cells adjacent to the 
cylindrical probe of diameter D was well within the 
constraint Δ ≤ 0.3240D∕4

√

Re.
(3) Erosion or shedding model The estimated deposit 

melt fraction and the energy consumed during particle 
impact were then taken into account to develop an ero-
sion/shedding criterion based on the framework pro-
vided by Zhou and Hu (2021) that was implemented 
and evaluated as an additional UDF.

2  Method

2.1  Combustion simulation and validation

The 3D geometry representation of the down flow laboratory 
combustor (oxyfuel combustor or OFC) at the University of 
Utah that was simulated in this study is shown in Fig. 1a. The 
geometry was meshed with 1.1 M cells after ensuring grid 
convergence of the temperature and velocity fields at this level 
of refinement with particular care to ensure that the boundary 
layer surrounding the probe was adequately resolved as men-
tioned above. Table 1 summarizes the proximate and ultimate 
analysis of the fuels simulated in this study which is based on 
the experimental information reported in Wu et al. (2019) and 
the key flow rates corresponding to the experimental scenarios 
that were investigated are reported in Table 2. Table 2 shows 
that the simulated gas flow rates agree well with experimental 

Fig. 1  Geometric details of the down flow OFC combustor. a Domain for combustion simulations b Domain (radiation zone only) for the ash 
deposition simulations
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estimates across both scenarios providing us with an initial 
measure of validation. The walls of the ignition zone (Fig. 1a) 
were set to a temperature of 1250 K. The homogeneous gas-
eous combustion reactions were simulated using a two-step 
mechanism with: CO produced during devolatilization fol-
lowed 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 tak-
ing into account various forces such as discrete phase inertia, 
hydrodynamic drag, and the force of gravity as follows:

FD

(

u − up
)

 represents the drag force per unit particle mass 
and FD and was calculated as:

(1)
dup

dt
= FD

(

u − up
)

+
g
(

�p − �
)

�p

(2)FD =
18�

�pd
2
p

CDRe

24

here, u is the fluid phase velocity, up is the particle velocity, � 
is the molecular viscosity of the fluid, � is the fluid density, 
�p is the particle density, and dp is the particle diameter. The 
particle Reynolds number dependent drag coefficient  CD was 
computed using the Morsi and Alexander model (ANSYS 
FLUENT 2020). After the completion of the combustion 
process, the heating and cooling of an inert ash particle was 
accomplished using a simplified heat balance to relate the 
particle temperature Tp(t) to the convective heat transfer and 
the absorption/emission of radiation at the particle surface 
as follows:

here mp is the mass of the particle, cp is the heat capacity of 
the particle, h is the convective heat transfer coefficient, Ap 
is the surface area of the particle, T∞ is the local tempera-
ture of the continuous phase, �p is the particle emissivity, 
�SB is the Stefan-Boltzmann constant (5.67×10–8 W/m2  K4), 
and �R is the radiation temperature.he effects of turbulence 
fluctuations on the impaction and deposition process was 
accounted for by averaging the impaction and deposition 
rates across 100 particle tracking calculations for each sce-
nario. However, the impaction and deposition rates did not 
vary significantly across the particle tracking calculations 
due to the prevalence of streamlined flow conditions with 
very little vorticity in the vicinity of the probe. This has 
also been ascertained via high-fidelity, scale resolving simu-
lations at similar flow conditions in this furnace by Zhou 
(2019). Table 3 provides a complete summary of the various 
modeling options invoked in this study. Also referenced are 
addional radiative property modules that were developed and 
utilized in this study as User-Defined Fctions to predict heat 
transfer accurately in the low  H2O/CO2 environments cor-
responding to the OXY70 conditions. It is important to note 
that the use of a kinetic/diffusion model for char oxidation 
successfully replicates the changes in combustion regimes 
with fuel particle size variations. In general, combustion 
in larger particles are diffusion controlled whereas those 
in small particles are kinetically controlled. This behavior 
has also been observed in coal-RH blends by Kwong et al. 
(2007).

No unburnt carbon was noted in the probe ash deposits 
in the experiments (Wu et al. 2018) indicating completion 
of the char oxidation process before the particles reach the 
probe. This was successfully replicated in the simulations 
predictions shown in Fig. 2 where regions of carbon burnout 
are shown. Also shown (for comparative purposes only) the 
corresponding carbon burnout regions for the coal (only) 
combustion scenario reported in Wu et al. (2019). Coal and 
the 84 wt% coal–16 wt% RH blend result in similar igni-
tion and combustion characteristics which is in agreement 

(3)mpcp

dTp

dt
= hAp

(

T∞ − Tp
)

+ �pAp�SB

(

�4
R
− T4

p

)

Table 1  Proximate and ultimate analysis of the fuels simulated in this 
study (based on Wu et al. 2019)

Sample Proximate analysis (wt%) Ultimate 
analysis 
(wt%, dry 
ash free)

Rice Husk Fixed Carbon 13.8 C 35.8
Volatiles 60.8 H 5.1
Ash 15.1 N 0.4
Moisture 10.4 S 0.1
HHV (MJ/kg) 14.6 O 33.1

Coal Fixed Carbon 46.3 C 64.1
Volatiles 32.2 H 4.3
Ash 14.8 N 0.8
Moisture 6.7 S 1.1
HHV (MJ/kg) 28.0 O 8.2

Table 2  Key experimental conditions simulated in this study (based 
on Wu et al. 2019)

Parameter 84 wt% Coal–
16% RH

OXY70 AIR

Energy input (kW) 27 27
Rice husk feeding rate (kg/h) 0.63 0.63
Coal feeding rate (kg/h) 3.28 3.28
Simulated Gas flow rate  (m3/h) (experimental 

estimates from Wu et al. (2019) reported in 
brackets)

9 (9) 29 (26)

O2 fraction in dry flue gas (vol%) 3 3
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with the results reported in Yang et al. (2022) and Wang 
et al. (2020a) for coal-RH blends at similar ratios. How-
ever, a slightly earlier onset of burnout prediction (closer to 
the burner) is noted in the OXY70 scenarios as a result of 
higher oxidizer  O2 concentrations. Again, these results are 
comparable to those of Wang et al. (2020a) where a signifi-
cant reduction in ignition delay and ignition temperature was 

noted for coal-RH blends at higher oxidizer  O2 concentra-
tions which could be attributed to result from the increased 
thermal (higher temperatures) and mass diffusion (higher  O2 
concentrations) in the OXY70 scenario.

While temperature measurements for this coal-RH firing 
scenario was not readily available, a wide range of fuel types 
have been investigated within this combustor, at identical 

Table 3  A summary of the 
combustion modeling options 
utilized in this study

*These models were implemented as User-Defined Functions (UDFs) in ANSYS FLUENT

Physics being modeled Modeling option

Particle devolatilization (heterogeneous) Constant rate (50, 1/s)
Char oxidation (heterogeneous) Kinetic/Diffusion Limited
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 Variable  Kabs and  Kscat (Krishna-

moorthy and Wolf 2015)*
Particle scattering phase function Anisotropic (forward scattering)
Gas-phase radiative property Perry (5gg) (Krishnamoorthy 2013)*

Fig. 2  Regions of carbon burnout. Complete carbon burnout is predicted in the ignition zone (wide section) before reaching the probe (indicated 
by arrow)
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power outputs (27 kW). Since most of the firing scenarios 
(involving various fuel types) resulted in complete combus-
tion by the time the gases reached the probe, they all resulted 
in similar gas temperatures (1150–1250 K) near the deposit 
probe as reported in previous studies (Wang 2019; Fakourian 
et al. 2021). The predicted gas temperature near the deposit 
probe in this study were 1270 and 1280 K respectively for 
the AIR and OXY70 scenario.

The measured fly-ash PSD from Wu et al. (2019) that 
have been fit to a Rosin–Rammler (RR) distribution func-
tion are shown in Fig. 3. The functional form representing 

the RR distribution function are also shown in Fig. 3 with 
Yd representing the fraction of mass that is greater than a 
particle diameter dp, mean diameter (dp,mean). An observed 
increase in particle sizes when switching from the AIR 
to OXY70 scenarios is captured in the dp,mean of the RR 
distribution for all fuels. A weighted averaging of the 
individual coal ash and RH fly-ash PSD from Figs. 3a-d 
was performed to estimate the fly-ash PSD of the 84% 
coal–16% RH fly-ash blend. These are shown are RR in 
Figs. 3e and f and are shown to compare with the measured 
fly-ash PSD indicating that modeling the fly-ash PSD of 

Fig. 3  The measured and modeled particle size distribution (PSD) of the fly-ash particles near the deposit probe (shown as a bold line). a Coal 
(AIR) b Coal (OXY70) c RH (AIR) d RH (OXY70) e 84% Coal–16% RH (AIR) f 84% Coal–16% RH (OXY70)
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the individual fuels as evolving independent of each other 
without any physical interactions in the blended fuel sce-
nario is a reasonable approximation. 

Wu et al. (2019) first estimated the average gas velocity 
near the probe based on the gas volumetric flow rate and 
cross-sectional area of the OFC. They then employed the 
average particle velocity near the probe (Vp is assumed to 
be equal to the average gas velocity), in conjunction with 
the particle diameter (dp), particle density (ρp), (estimated) 
gas viscosity (µp) and probe diameter (dc) to calculate the 
particle Stokes numbers (Stk) of the fly-ash particles near 
the probe as:

The ηimpaction for each size range (i) were then computed 
according to the equation (Lokare et al. 2006):

The overall ηimpaction for each scenario was then com-
puted as the fly-ash-mass-weighted averaged value of the 
ηimpaction across each size range (i):

(4)Stk =
�pd

2
p
Vp

9�gdc

(5)�
impaction

i
=
[

1 + 1.34(Stk − 0.1238)−1 + 0.034(Stk − 0.1238)−2 + 0.0289(Stk − 0.1238)−3
]−1

where mi is the mass-fraction of the fly-ash in each size 
range.

As a further validation of our computed CFD flow field, 
a plug flow based ηimpaction was calculated based on mass 
weighted averaged values of: gas velocity, gas density and 
gas viscosity near the probe obtained from the CFD simu-
lations that are reported in Table 4. Figure 4 compares the 
plug flow based ηimpaction computed in this study against 
corresponding values reported by Wu et al. (2019). Good 
agreement between our predictions against those reported 
by Wu et al. (2019) leads further credence to the validity 
of the mass-weighted averaged flow variables (across the 
reactor cross-section) near the probe predicted by CFD. Any 
minor in ηimpaction between the two plug flow calculations 

may be attributed to small gas property or velocity varia-
tions employed to compute the particle Stokes numbers (Stk) 
(Eq. (4)) between the two plug flow calculations. Overall, 
the volumetric flow rates of flue gas varied from 9  Nm3/h 
(OXY 70) to 29  Nm3/h (AIR) representing a threefold vari-
ation in magnitude. However, both sets of plug flow calcula-
tions show that in spite of the lower velocities in the OXY70 
scenario, the impaction efficiencies actually increase due to 
the shift in ash PSD to larger diameters possibly resulting 
from increased coagulation and agglomeration due to higher 
temperatures and longer residence times. It is worth not-
ing that an ash density of 1300 kg/m3 were used in both 
sets of plug flow calculations to enable consistency when 

(6)�impaction =

∑

mi�
impaction

i
∑

mi

Table 4  Parameters used for estimating Stk (Eq.  (4)) and ηimpaction 
(Eq. (6)) when using the plug flow assumption (Ash density: 1300 kg/
m3)

Case Gas density 
(kg/m3)

Gas viscosity (Pa s) Gas 
velocity 
(m/s)

AIR 0.302 1.59 ×  10–5 0.73
OXY70 0.361 1.37 ×  10–5 0.28

Fig. 4  Impaction efficiency 
predictions using plug flow and 
CFD methodologies
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comparing the two sets of plug flow predictions. However, 
an ash density of 2500 kg/m3 (coal ash) and 1700 kg/m3 (for 
the more porous RH ash) was used in all of the CFD based 
deposition rate calculations as described in Sect. 2.2. These 
differences between the ash densities employed in the plug 
flow calculations and the CFD calculations in conjunction 
with the fact that CFD accounts for the spatial variations in 
the flow field near the probe (as opposed to employing an 
average velocity to compute Stk in Eq. (4) are the primary 
reasons for the observed differences between the plug flow 
calculations and CFD calculations in Fig. 4.

2.2  Modeling particle impaction

Equations (4)–(6) demonstrate that getting the particle Stk 
right is pivotal to predicting accurate ηimpaction in the CFD 
calculations. However, due to the complex physio-chemical 
transformations undertaken by the particle prior to deposi-
tion, modeling the evolution of the fly-ash PSD (that matches 
the measured values near the probe) starting from the parent 
fuel PSD data alone is quite challenging. In addition to this, 
char combustion models provide users with only a limited 
ability to control particle densities and diameter during the 
burnout process (both of which influence the Stk) (ANSYS 
Fluent Theory Guide 2020). For instance, the kinetic/dif-
fusion heterogeneous combustion model employed in this 
study, changes particle densities (ρp) as a result of mass 
loss but the particle diameter (dp) remains invariant from 
that of the parent fuel. The intrinsic char combustion model 
(ANSYS Fluent Theory Guide 2020) on the other hand uses 
burning mode parameters (β) in well-known power law 
expressions to take into account variations in both particle 
density and diameter during burnout. However, β is a very 
fuel specific parameter, values of which may not be available 
for fuels under investigation (Kleinhans et al. 2018a).

In lieu of these shortcomings, a judiciously decoupled 
CFD methodology is adopted in this study where flow, heat 
transfer and ash deposition calculations were carried out 
downstream of the region where carbon burnout had been 
fully accomplished (cf. Figs. 1b and 2). This represented the 
radiation zone of the combustor. The fly-ash particles were 
injected into the inlet of the radiation zone as inert particles 
(Fig. 1b). In addition, the spatially varying profiles of all nec-
essary field variables from the combustion simulation includ-
ing gas velocities and temperature, turbulence variables and 
transport properties were transferred into the inlet boundary 
conditions of the radiation zone. This enabled us to specify 
both the correct fly ash PSD (dp), particle densities (ρp), gas 
velocities and viscosities thereby enabling accurate predic-
tions of Stk. The adequacy of this approach can be seen in 
Fig. 5 where the centerline temperature predictions along 
the axial length of the combustor between the fully coupled 
combustion calculation and the ash deposition simulations 
are compared. In this study, a constant density of 2500 kg/
m3 was assigned for the coal ash particles whereas the more 
porous RH ash was assigned a density of 1700 kg/m3.

2.3  Modeling particle capture

Models of various degrees of sophistication and fidelities 
have been developed over the years to represent the capture 
phenomena accurately and have been the subject of recent 
reviews (Kleinhans et al. 2018b; Cai et al. 2018). In this 
study, a critical particle viscosity based capture criterion 
was adopted where the capture probability (Pstick) equals 
unity if the particle viscosity ( �p) is lower than a critical 
viscosity (μp, critical):

(7)Pstick = 1 if �p ≤ �p, critical

Fig. 5  Comparison of centerline temperature predictions along the axial length of the combustor between the fully coupled combustion calcula-
tion and the ash deposition simulations (probe location is at an axial distance of 2.3 m from the burner) a AIR b OXY70
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Otherwise Pstick is zero. Based on three datasets associ-
ated with similar particle sizes, particle kinetic energy (PKE) 
and gas velocities associated with this study, the following 
relationship between PKE and critical viscosity ( �p,critical) 
proposed by Kleinhans et al. (2018b) was adopted:

It is important to note that while this criterion was origi-
nally developed for silica rich soda lime glasses, its validity 
has been established for biomass ashes also by Schulze et al. 
(2007). In Fig. 6b, the sticking criterion (Eqs. (7) and (8)) 
represented as a function of particle viscosity and particle 
kinetic energy is represented as a diagonal line demarcating 
the sticking and rebounding conditions.

Two common correlations to model the compositional 
and temperature dependencies of the particle viscosity were 

(8)�p,critical =
5 × 10−12

PKE1.78

initially explored in this study. The first was the model pro-
posed by Urbain summarized in (Urbain et al. 1982; Var-
gas et al. 2001) and second, the model proposed by Senior 
and Srinivasachar (1995). At the gas temperature range of 
interest in this study (1200–1300 K), the particle viscos-
ity predicted by both models can differ by several order of 
magnitudes with the differences more profound for the silica 
rich RH ash as shown in Fig. 6a. Both models are presented 
here in a succinct manner:

The particle viscosity is a function of particle temperature Tp 
and two composition dependent model constants “A” and “B”

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

(9)� = ATpexp

(

1000B

Tp

)

Fig. 6  a RH ash viscosity 
predictions employing different 
models (Urbain et al. 1982; 
Senior and Srinivasachar (1995) 
b The sticking criterion (Eqs. 
(7) and (8)) represented as a 
function of particle viscosity 
(µp) and particle kinetic energy 
(PKE)
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ash (Urbain et al. 1982; Vargas et al. 2001; Senior and Srini-
vasachar 1995):

where the metal oxide  (MxOy) compositions of the bulk ash 
of the parent fuel (coal) were employed to estimate the con-
stant B. The model constant “A” is then estimated from “B” 
using different functional forms as Senior and Srinivasachar 
(1995):

here 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 metal oxide  (MxOy) compositions of the bulk ash of the 
parent fuel (coal). In the Senior and Srinivasachar (1995) 
model, two sets of constants A and B are computed corre-
sponding to high temperature and low temperature data sets 
employed in their formulation. Correspondingly, two sets of 
particle viscosity (Eq. (9)) are initially computed for each 
particle when employing this model and the larger of the two 
values assigned to µP. While several studies have demon-
strated the applicability of Senior and Srinivasachar (1995) 
viscosity correlations for the bituminous/sub-bituminous 
coal ashes similar to the coal ash investigated in this study, 
Fig. 6a shows that recent measurements of viscosities of 
the silica rich RH ash by Zhou et al. (2013) and Dizaji et al. 
(2022) are also shown to be in reasonable agreement those 
predicted by these correlations. Consequently, the Senior 
and Srinivasachar (1995) based viscosity correlations were 
employed in all of the deposition results reported in this 
study.

2.4  Modeling erosion/shedding caused by RH ash

While Wu et al. (2019) investigated three fuel types (Coal, 
Coal-RH and RH-Natural Gas), the RH fly ash was associ-
ated with erosion/shedding. This is also in agreement with 
the results from Qui et al. (2014) who showed that the addi-
tion of rice hull changed the microstructure of the deposits 
making them more porous and friable and easily removable 
by erosion. To model the erosion/shedding process induced 
by the RH fly-ash, the erosion model from Zhou and Hu 
(2021) was implemented and its associated equations are:

The energy before impact was determined as a sum of 
PKE and surface tension as:

(10)B = f
(

MxOy

)

(11)A = f (B, NBO∕T)

(12)E =
�d3

p
�pu

2
p

12
+ �d2

p
�

The surface tension (γ) was modeled as:

The energy after impact (E’) was computed as:

θ and Fa represent the contact angle and the effective contact 
area respectively and De represents the potential spreading 
ratio:

As a first approximation a value of unity was assumed 
r the entire term within the bracket on the right hand side 
of Eq. (14) which corresponds to the assumption that the 
energy after impact was 25% of the surface tension compo-
nent of the incoming energy. This is in reasonable approxi-
mation to the values used by Zhou and Hu (2021) where 
values of 67 degrees for θ and 0.95 for Fa were employed 
resulting in 20% of the surface tension component of the 
incoming energy remaining after impact. E and E’ were then 
employed to compute the erosivity (e) (mass eroded over 
mass impacted) as:

In this study, the diameter of the deposit (ddep) was set 
to be equal to the diameter of the particle (dp). Among the 
three modes of shedding (Zhou et al. 2013): gravity, ero-
sive and thermal shock, the above equations represent the 
erosive shedding process. This is anticipated to the main 
mode of shedding since the majority of the ash deposition 
was observed in the upper region of the probe facing the 
flow (Wang 2019). A molten slag fraction (ξs) of 0.15 was 
assumed in this study based on the FactSage calculations 
reported in Wu et al. (2019) at a temperature of 1300 K 
which is in reasonable agreement with the value reported in 
Zhou et al. (2013). This use of deposit composition based 
FactSage calculations thereby includes the effects of alkali/
alkali earth metals (Potassium in particular) in the coal-
biomass ash and their influence on the melting point. While 
the molten slag fraction did not change between AIR and 
OXY70, the use of additives can increase the melting points 
ash shown by Wang et al. (2020a, b).

(13)� = −0.0003Tp + 0.66

(14)

E
� =

�d2
p
�

4

[

d
2
m

(

1 − Fa cos �
)

+
8

3dm

−D2
e

(

2

1 + Fa cos �
− Fa cos �

)]

.

(15)De =

[

4 sin �

tan2 �(2 + cos �)

]
1

3

(16)e =
0.05ddep

�

E − E�
�

2�d3
p
�

�

1 − 3
√

1 − �s
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3  Results and discussion

3.1  Impaction efficiencies

The overall impaction efficiency (ηimpaction) was calculated 
as the ratio of the overall arrival rate of particles onto the 
deposition surface to the mass flux of the particles at the 
projected surface in front of the deposition surface as per 
Eq. (6). Table 5 and Fig. 4 show the ηimpaction as computed 
in the CFD calculations employing 200 bins to resolve the 
fly-ash PSD. Despite lower velocities in OXY70, the larger-
sized particles contribute to increased impaction rates in 
comparison to AIR. The differences in the ηimpaction between 
the larger (but more porous) RH ash particles and the smaller 
coal ash particles was more evident in the AIR scenario than 
in the OXY70 scenario.

3.2  Capture and collection efficiencies

Collection efficiencies (ηimpaction) were defined as:

where md is the mass of deposit collected on the probe, mf 
is the mass of fuel fed into the furnace, xf is the ash content 
of fuel, Ac is the projected area of the probe and Ap is the 
cross-sectional area of the OFC.

The capture efficiencies were then estimated from the 
predicted ηimpaction and ηcollection as:

Values of ηcapture and ηcollection variations are reported in 
Table 6. First, for a given fuel type the capture efficiencies 
are not different for AIR and OXY70 conditions indicating 
that the PKE plays a significant role in the capture process. 
This is in line with the conclusions draw by Wu et al. 2019 
whose experiments are the basis of this study. However, a 
slightly lower capture efficiencies were observed for the 
non-sticky RH ash due to higher KE and higher viscosities 

(17)�collection =
mdAp

mfxfAc

(18)�capture =
�collection

�impaction

(Fig. 6) both of which increase the propensity to rebound as 
per our capture criterion (Eq. (7)).

3.3  Effect of erosion

Deposition rate predictions (with shedding) as well as the 
deposition rate enhancement (OXY70/AIR) are reported in 
Table 7 where the effects of mass removal by the more ero-
sive RH ash particles were taken into account. The results 
are in good agreement with measured values (with shed-
ding). Further, it is interesting to note that the predicted dep-
osition rate ratios (OXY70/AIR) remain nearly unchanged 
with and without the use of the shedding model. This is 
attributed to the fact that shedding caused a correspond-
ingly equal removal of the deposited ash (nearly 50%–60%) 
in both the AIR and OXY70 scenarios. This is likely due 
to similar PKE distributions between the RH ash particles 
in both scenarios shown in Fig. 6b. In spite of the lower 
velocities in the OXY70 scenario this results from the larger 
sized RH ash particles in OXY70 (Figs. 3a and b). This is 
also reflected in similar ηimpaction for the RH ash particles 
between the two scenarios as shown previously in Table 5. 
Given the important role played by the RH ash PKE in the 
ash shedding process, studies by Wang et al. (2019a, b) did 
indeed show that if the RH ash PSD was fine, it may not be 
able to induce shedding and mitigate ash deposition. In con-
trast, the coal ash particles have significantly different PKE 
distributions in Fig. 6a (with the OXY70 scenario exhibiting 
higher KE) which is also reflected in the significantly higher 
ηimpaction observed for the coal ash particles in the OXY70 
scenario when compared to the AIR scenario (Fig. 7).

4  Conclusions

A Computational Fluid Dynamic (CFD) methodology 
where the combustion and ash deposition processes were 
judiciously “loosely” coupled to model the impaction accu-
rately, in conjunction with add-on ash deposition and shed-
ding modules, radiative property models applicable to low 

Table 5  Impaction rate prediction (% Impaction efficiencies ηimpaction 
are also reported within brackets)

Fuel Rice husk Coal Total

AIR (g/m2 h) 126 (27) 290 (12) 417 (14)
OXY70 (g/m2 h) 131 (28) 727 (30) 858 (30)
Impaction rate enhance-

ment (OXY70/AIR)
1.04 2.50 2.06

Table 6  % Capture efficiencies (ηcapture) and collection efficiencies 
(ηcollection) prior to the inclusion of shedding

Sample Capture efficiencies Collection efficien-
cies

AIR OXY70 AIR OXY70

Rice husk 58 54 15 15
Coal 80 73 10 22
Total 73 70 11 21
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 H2O/CO2 environments were used to model the outer ash 
deposition and shedding rates measured during co-combus-
tion of coal/RH in AIR and  O2/CO2 (70/30 vol %, OXY70) 
oxidizer compositions. The following conclusions can be 
drawn from this study:

(1) The predicted temperature and volumetric gas flow 
rates near the deposit probe agreed well with the meas-
urements across all scenarios. The OXY70 scenarios 
were characterized by a 60%–70% reduction in volu-

metric flow rates. Concurring with experimental obser-
vations, the simulations also showed that complete car-
bon burnout had occurred prior to ash deposition and 
the gas temperature near the probe ranged from 1200 to 
1300 K as observed during several experimental cam-
paigns at similar firing conditions within this combus-
tor.

(2) The CFD predicted mass-weighted averaged values 
of: gas velocity, gas density and viscosity near the 
deposit probe were employed to compute impaction 

Table 7  Deposition rate 
prediction (g/m2 h) with and 
without shedding

*Unlike the OXY70 scenario where shedding was reported after 30 min, Wu et al. (2019) reported that the 
weight of the deposits during AIR firing was increasing linearly with time
This could be due to the occurrence of a continuous shedding process or the coverage of the initial sticky 
ash layer with a loose RH ash deposit that suppresses deposit growth

Parameter Measured (with 
shedding)

Predicted (with 
shedding)

Measured (prior to 
shedding onset)

Predicted (with-
out shedding 
model)

AIR (g/m2 h) 100* 131 100* 305
OXY70 (g/m2 h) 250 290 700 600
Deposition rate enhance-

ment (OXY70/AIR)
2.5 2.2 7.0 2.0

Fig. 7  Histograms representing 
the kinetic energy distribution 
of the impacting particles a 
Coal ash b RH ash
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efficiencies (ηimpaction) using the plug flow assumption. 
The computed plug-flow ηimpaction were indeed in good 
agreement with the plug-flow ηimpaction reported in the 
experimental study further ascertaining the validity of 
our simulated flow field. In spite of the lower flow rates 
associated with the OXY70 scenario, the larger fly-ash 
particles resulted in higher ηimpaction in comparison to 
the AIR firing scenario.

(3) Profiles of flow field and turbulence variables follow-
ing the burnout region and the measured fly-ash par-
ticle size distributions (PSD), ash densities were then 
employed as inlet boundary conditions to carry out ash 
deposition predictions in the region downstream of the 
burnout zone. This enabled an accurate representation 
of ash density, ash PSD as well as ηimpaction. The valid-
ity of this judiciously, loosely coupled approach was 
established by comparing the predicted flow fields near 
the probe obtained from the fully coupled combustion 
simulations and the deposition rate simulations. In 
concurrence with the plug flow calculations, the CFD 
predictions also showed higher ηimpaction associated with 
the OXY70 scenario. However, the values of ηimpaction 
were different due to a more accurate representation 
of the flow field surrounding the probe geometry and 
a finer resolution associated with the fly-ash PSD (200 
bins).

(4) The differences in the ηimpaction between the larger (but 
more porous) RH ash particles and the smaller coal 
ash particles was more evident in the AIR scenario 
than in the OXY70 scenario. Further, the ηimpaction 
ratio (OXY70/AIR) was similar to the ηcollection ratio 
(OXY70/AIR) indicating that similar ηcapture likely pre-
vailed in the AIR and OXY70 scenarios. This is in line 
with the conclusions draw by Wu et al. (2019) whose 
experiments are the basis of this study.

(5) A recently proposed particle kinetic energy (PKE), crit-
ical viscosity (µcritical) and particle viscosity (µp) based 
ash capture criterion that was originally developed for 
silica rich soda lime glasses but whose validity for bio-
mass ashes has also been established was implemented 
to model the ash capture process. To compute µP asso-
ciated with the widely varying coal and RH fly-ash 
compositions, two common fly ash composition and 
temperature based viscosity correlations were identified 
(Urbain et al. 1982; Senior and Srinivasachar 1995) and 
evaluated for their applicability to model the deposi-
tion process in this scenario. Given the temperature 
range of interest for the deposition process in this study 
(1200–1300 K), the Senior and Srinivasachar (1995) 
model was deemed to be more applicable for the coal 
as well as RH ashes.

(6) The proposed capture criterion did indeed confirm 
that nearly identical ηcapture (50%, 73%) prevailed in 

the AIR and OXY70 scenarios respectively. However, 
the more viscous coal ash particles had slightly a higher 
ηcapture (73%–80%) compared to the non-sticky RH ash 
(54%–58%). Since the chemical and physical interac-
tions among the two fuel ashes were neglected in these 
calculations (i.e., each ash particle was based on its 
parent fuel composition and was assumed to impact and 
deposit independent of the presence of any other ash 
particle), the results show that the deposition charac-
teristics in the measurements of Wu et al. (2019) were 
likely dominated by PKE effects.

(7) In addition, a recently proposed erosion/shedding 
model that takes the deposit melt fraction (ηs), the 
energy consumed during particle impact and surface 
tension effects into account was also implemented and 
shedding due to the more erosive RH ash particles were 
calculated. Deposition rate predictions (with shedding) 
as well as the deposition rate enhancement (OXY70/
AIR) were in good agreement with measured values 
(with shedding). Nearly, 50%–60% of the deposited 
ash was removed by the shedding process in both the 
AIR and OXY70 scenarios. This is likely due to similar 
PKE distributions between the RH ash particles in both 
scenarios that resulted in similar shedding rates.

The implications of this research extend to second gen-
eration oxy-combustion and load following operations that 
are accompanied by a significant (60%–70%) reduction in 
combustor flue gas flow rates when compared to baseload 
operation. Decrease in velocities (and particle Stokes num-
bers) may cause a corresponding decrease in impaction 
efficiencies, deposition and shedding rates. On the other 
hand, longer residence times associated with these velocity 
reductions may promote particle interactions/agglomeration 
resulting in a larger-sized fly-ash PSD which in turn may 
increase the impaction efficiencies, deposition and shedding 
rates.
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