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Abstract

High-fidelity modeling provides a useful approach to investigate the par-
ticle dispersion and deposition mechanism in pulverized coal combustion. To
be able to analyze these detailed mechanisms, this work couples detailed
multiphysics models for poly-dispersed turbulent, particle-laden flow, parti-
cle and gas phase reaction chemistry, convective, conductive and radiative
heat transfer, ash formation and deposition with a Large-Eddy Simulation
(LES) approach to numerically simulate coal combustion in a downfired self-
sustained oxy-fuel combustor (OFC). It is necessary to explicitly capture all
but the highest frequency dynamics of the turbulence and its coupling with
each of the other physical phenomena using LES. Effects of subgrid-scale
unresolved turbulence on the particle motions are also analyzed by a novel
Stokes number analysis. Due to the inherent relationship between coal com-
bustion and ash deposition, this study integrates the improved ash deposition
model into the numerical simulation. Overall simulation results are compared
with experimentally measured data from the OFC. The simulation and mea-
sured data for the averaged gas temperature and deposition rates agree with
5% and 28%. This study shows that high-fidelity LES coupled with other
detailed multiphysics models running on a exascale computing facility can
provide a good representation of complex coal combustion and deposition in
a laboratory-scale furnace.
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1. Introduction

Currently, coal-fired power plants are still the important source of elec-
tricity in the world. Coal contains combustible hydrocarbons that produce
thermal energy upon oxidation, but less desirable compounds such as mineral
matter, organic nitrogen/sulfur, and moisture are also present in the solid
fuel. While the mass fraction of mineral matter in coal is usually less than
10%, it often leads to numerous problems during the operation of coal-fired
boilers, including impeding heat transfer from the flue gas to the steam /water
cycle, furnace slagging and superheater fouling, and tube abrasion, which
would lead to unscheduled plant shutdown in the worst-case scenario [1].
These problems fundamentally arise from the underlying turbulent particle-
laden flow and the eventual ash deposition on heat transfer surfaces for the
pulverized-coal combustion.

The physical description of pulverized coal combustion, as a reacting
multi-phase flow problem, consist of multiple steps. The injected pulverized
coal particle undergoes devolatilization, char fragmentation, particle coales-
cence, vaporization, and condensation, in which the coal particle intensively
interacts with the surrounding turbulence flow field. Many previous numeri-
cal studies have focused on these complex turbulent flow interaction mecha-
nisms in the turbulent particle-laden flow |2, 3|. During the continuous com-
bustion process, some of the fly ash particles would approach the boiler walls
or heat-exchange tubes. The fraction of fly ash particles that contacts the
wall /heat-exchange surface relative to the total number of particles flowing
through the device is defined as impaction efficiency. This impaction effi-
ciency is an crucial metric to determine the severity of ash deposition [4, 5.
Once an ash particle collides with wall, it may either stick or rebound de-
pending on the ash and pre-deposited medium properties. The inelasticity
or sticking propensity at the point of deposit is a critical aspect of the ash
deposition process. The particle-sticking behavior mainly depends on the
chemical and physical properties of two colliding objects: the fly ash particle
itself and the existing surface. For example, non-molten, dry particles can
adhere to a sticky surface at high surface temperature. The incoming ash
particle, however, may alter the existing deposit layer properties. Increasing
the thickness of the deposited layer by depositing fly ash tends to enhance the
thermal resistance of a deposition layer and affects the boiler wall emissivity.
Both effects tremendously influence the heat transfer to the steam tubes in
a pulverized coal boiler and the deposit surface temperature |6]. Therefore,
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the ash deposition rate is closely related to the aforementioned coal particle
flow behavior. Consequently, the accurate prediction of ash deposition rate
can reflect the accuracy of the simulation of the upstream coal combustion
flow results. One objective of the work presented here is to introduce an
improved ash particle-deposition model 7] which can be applied into the
turbulent particle-laden flow analysis.

Computational Fluid Dynamics (CFD)-based modeling has become a
common predictive tool for understanding this complex problem in the con-
text of coal combustion. A recent review paper has summarized the use of this
high-fidelity model to simulate pulverized coal combustion [8]. The Reynolds-
averaged Navier-Stokes (RANS)-Lagrangian approach hybrid method is widely
used, in which the RANS model is to compute the aerodynamic conditions
while the Lagrangian approach employs a limited number of particles to rep-
resent the discrete phase [9, 10, 11]. The RANS model are the state-of-the-art
in simulating the turbulent flow for combustion problem [12, 13]. This tur-
bulent model assumed the turbulent flow variables as a mean variable plus
a turbulent fluctuation variable, in which unclosed terms appear in the gov-
erning equations. These unclosed terms usually are computed using various
turbulence models at the first- or second-order levels [14, 12]. Because the
RANS method is set to model all turbulence spectra, this numerical simula-
tion is computationally affordable and can provide moderate accuracy. But
numerical studies of coal combustion using RANS are not able to capture
integral scale dynamics and the intermittency of coal flame due to the time-
averaging nature [14, 15]. This discrepancy between experimental results
and simulation are more significant in the swirling flow structures which are
widely applied in the burner design [16, 17|. Besides, the RNAS model ap-
pears to not well predict the near-wall turbulent eddies which significantly
impact on the particle deposition process, since the time-averaged approach
does not capture the turbulence spectra and thus the turbulent eddy is well
not represented.

In recent years, Large-Eddy Simulation (LES) has attracted an increasing
level of interest in being applied to the simulation of gaseous and coal particle
combustion [18]. LES has been demonstrated to be a promising approach
to more accurately predict the turbulent flow dynamics. The most signifi-
cant feature of LES is that most of the turbulent kinetic energy is resolved
- whereas it is entirely modeled in RANS [19]. Resolving this instantaneous
or short-time scale turbulence behavior can accurately predict the final time-
averaged variables, such as gas temperature and ash deposition, which draw
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the particular interests of power plant engineers. In addition, Gharebaghi et
al. [20] reported the use of LES to air-fired coal combustion and oxy-fired
coal combustion within a 1 MWth combustion test facility. Results indicate
that more detailed sub-models of coal combustion are required for more ac-
curate prediction results, although LES was shown to generate more realistic
outcomes regarding the flame properties. Chen et al. [16] have compared
the prediction using RANS and LES with the available experimental data
of oxy-coal combustion in a 100 kWth test facility. This validation study
suggested that LES improves the prediction of the dynamic characteristics
of coal combustion, for example, the attached volatiles lame and the mixing
between recirculated hot gases and unburned injected streams. Another sim-
ilar validation was conducted in a burner-scale combustion test facility, which
suggested that LES can provide improvements over RANS when predicting
the recirculation zones and coal-combustion flame properties [15].

As for the particle phase flow, the developing ample availability of high-
computational power with advanced parallel-computation algorithms (MPI,
OpenMP and GPU), enable the Lagrangian approach to be applied success-
fully to a wide range of particulate phenomena where a large number of
particles can be employed [21]. For example, Shanshan et al. used discrete
grid under Langranian framework to describe the dense particle flow in the
pressurised dense phase pneumatic conveying systems [22]. Also Zhengbiao
et al. improved the discrete element model within Langranian framework
to better track the particle individually and understand the mixing and seg-
regation characteristics of particle phase in a bubbling fluidized bed [23].
Overall, the simplicity and limited computational expense drives the exten-
sive adoption of this method for modeling the pulverized-coal combustion
system [24].

However,this hybrid approach (RANS-Lagrangian) finds difficulty in scal-
ing up the ability to accurately predict (for our needs) the reactive particle
flow, temperature profiles and eventual ash deposition rates, for complex
industrial /pilot-scale pulverized coal combustion facilities |25, 26]. Taking
the particle breakage or agglomeration process into account, the number of
particles that needs to be tracked increases with the computational cost out of
control [27]. Some studies have demonstrated that this hybrid approach has
great uncertainty in predicting the particle flow dynamics in pulverized-coal
combustion applications|28, 29]. Compared to the previous hybrid method,
Large-Eddy Simulation (LES) coupled with Direct Quadrature Method of
Moments (DQMOM) method paves a new way of simulating coal combustion

4
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considering the effects of particle deposition. As an alternative approach, this
work employs a population-balance equation (PBE) as an Eulerian-particle
method to represent the dispersed particles. The Eulerian method has been
successfully applied to coal-combustion simulations [30, 31, 32]. The PBE
concept is able to capture the transport of a dispersed particle phase while
accounting for the evolution of a few physical properties of the particles
simultaneously. The physical properties are introduced as internal coordi-
nates of the number density function within polydispersed distributions [27].
Instead of tracking the multidimensional PBE, raw statistics of PBE (the
moments) are computed through the integration operation|[33]. Transport-
ing these statistics requires a numerical quadrature to close the equation set.
This was originally proposed and is known as the Direct Quadrature Method
of Moments (DQMOM) method [7, 34, 35]. The advantage of this method
is to achieve accurate results for simulating the coal-particle combustion at
a reasonable computational cost [25, 26].

This work aims to demonstrate a coupled multi-phase LES and DQMOM
model to simulate coal combustion and ash deposition in a laboratory-scale
100 kW down-fired oxy-fuel combustion (OFC) furnace. This research focuses
on the integrated analysis of coal particle flow behavior and the afterward ash
deposition other than its related reaction chemistry. The simulation results
are tested against the experimental data from the laboratory-scale furnace. It
is shown that the novel multi-phase LES and DQMOM model can accurately
predict the gas velocity, particle temperature, and gas composition, which
lays a solid foundation to better predict its downstream ash deposition rate.

2. Mathematical models

2.1. Gas phase governing equations

This section provides a brief overview of the major components com-
prising this LES coal combustion model. Further details may be found
in other studies [26, 25, 36, 37| utilizing the current approach. Turbu-
lent coal combustion includes two primary phases: a continuous gas phase
and a dispersed-particle solid phase. These two phases are fully coupled
through mass, momentum and energy exchange processes. Gas phase bal-
ance equations are filtered and closed according to the common LES approach
using a dynamic Smagorinsky model [38, 39]. Accordingly, Favre-filtered
governing equations for continuity, momentum, enthalpy and scalars are
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solved. Specifically, the following equations are considered for the gas phase:
mass-conservation equation of the multicomponent fluid,
9p

or (pil) = : 1
ot +V (pu) Smass; ( )

momentum-conservation equations,

o, . - _
E(ﬁu) +V-(pua) = —-Vp+V -7+ pg+ Snom; (2)

scalar-balance equations,

% (50) + V- (pid) = V-TuVé+ 5, (3)
- energy-conservation equation:
%(pﬁ)Jrv-(ﬁﬁiL):V-Fhvh—V-quSen; (4)

where the various solid-gas exchange terms are encapsulated in the respective
source term (.S;). Specifically, Syass refers to the mass-exchange rate between
coal-gas phase, Syom points to momentum-exchange rate between particle-
gas phase, S, is the mass-exchange rate for specified species between coal-gas,
and S, is the energy-exchange rate between coal-gas. As for the boundary
layer modeling, the simulation is built to resolve only the energetic structures
in the outer portion of the boundary layer. Thus the usual no-slip and
thermal wall-boundary conditions are replaced with approximate boundary
conditions in terms of the wall stress and heat flux model [40, 41]. This
research employs the specific equilibrium wall model. [42]

As for the gas phase reaction modelling, the thermochemical state-space
is fully represented assuming chemical equilibrium parameterized with two
mixture fractions and heat loss [43]. The two mixture fractions represent the
coal off-gas and secondary oxidizer stream. The discrete ordinates method is
used to compute the radiation heat transfer, which makes use of the Hottel-
Sarofim emissivity charts to estimate radiative attenuation. Local radiative
losses or gains in the enthalpy define the local heat loss. The equilibrium
state space was preprocesed and tabulated for local on-the-fly look-up as a
function of the two mixture fractions and heat loss parameters.
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2.2. Governing equations of dispersed particle

The dispersed solid phase at the coal combustion is described by a multi-
dimensional particle number density function (NDF), which tracks the num-
ber of particles per volume as a function of the spatial location and other
descriptive variables (§) [26]. At a given location in space and time(zq, ty),
the NDF is represented by:

ny, (o, to) :/V/gn(f;xo,to)dfdv. (5)

These additional descriptive variables, £, are referred to as ‘internal coordi-
nates’ and embody the particle state. For this study, the internal coordinate
variables include: raw coal, char mass, particle diameter, particle enthalpy,
particle velocity and maximum particle temperature. The maximum particle
temperature determines the melt fraction of an ash particle used in modeling
the ash deposition process [44].

Direct representation of the multi-dimensional NDF is computationally
unfeasible, therefore the moments of the NDF is resolved by utilizing the
Direct Quadrature Method of Moments (DQMOM) [34, 45] approach. DQ-
MOM was chosen for its simplicity and ability to represent the NDF by a
summation of multi-dimensional Dirac delta functions according to Gaussian
quadrature theory [46], which are shown by:

n(&at) ~ Y (wa [ ] 006 = (€)a)), (6)

a=1

where the weight(w,) refers to the number of particles per volume defined
for a specific quadrature node, «, and the average internal coordinate value
(&) that depends on space and time. N represents the number of quadrature
nodes, and N¢ is the number of internal coordinates. The PDF transported
equation based on previous publication [25], using the underlying the form:

o 0 _ o ———

a(n(vﬁm 57 x, t)) + %(Up,in(vpv fa x, t)) = _01}' (< Ai|vp7 g >TL(Vp, 57 €, t))
0 —_— . 87—598,2' aTSgS,ui 8T5957Ck
3U¢(< Gilvp, & >0(vp, &2, 1)) + o, ou; ICr (7)

where Togsu;, Tsgs, and Tegs,, represents the subgrid flux of the number
density from the unresolved velocity fluctuation and the phase space (v, ).
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103 The variables < A;|v,,& > and < G;|v,, e > are conditional distribution
104 that represents the velocity space of PDF in the phase space (v,,§). The
105 acceleration term (A;) is defined by:

m - — —
Py CD(Uf— < ’17p7l' >a) + §u+ < Fiherm > (8>

ppmpd, Pp

3
<A >a=

w6 where Fiperm represents the thermophoresis force [47|. It can be expressed
107 by the following form:

6mdpps(Kie(K + CeKn) + 3C, Kn(K — 1+ C.Kn)) VT,
pg(1+3Kn-exp(—0.5/Kn))(1+3C,,Kn)2K +1+2C.Kn) T,
(9)
s where VT, is the gas temperature gradient at the particle phase in the coal
100 combustion.

Eherm = -

200 2.2.1. Coal combustion

201 Two major coal reaction phenomena, coal devolatilization and char ox-
202 idation, are represented. The coal devolatilization model is built based on
203 the Chemical Percolation Devolatilization (CPD) model [48] and assumes
204 that the rate of devolatilization is a first order reaction rate. The maximum
205 volatile yield is a function of the particle temperature and increases with in-
206 creasing temperature. The kinetic parameters for devolatilation are fit using
200 the CPD model[36, 49]. The char oxidation model combines the heteroge-
208 neous reactions with the species diffusion to obtain the char consumption
200 Tate [50]

20 2.2.2. Particle deposition model

211 Since DQMOM-LES provides the particle flux impacted on the surface,
212 the ash deposition model red emphasizes the modeling of particle stick-
213 ing/rebound process. The sticking behavior is strongly affected by two as-
212 pects: the characteristics of the deposition surface, and the properties of the
215 depositing fly ash. The physical phases of the ash can be divided into three
216 (solid, heterogeneous, and liquid phase). The criteria to distinguish them is
217 by the ash viscosity, as the most important factor, This study employs a more
218 accurate method of FactSage software to compute the ash viscosity [51, 52|,
210 compared to the author previous publication |7|. The ash viscosity is a func-
220 tion of temperature and the ash composition which is measured by the SEM
221 method (see Table 3). This study assumes ash in the coal particle is inert

8
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and non-volitale during the combustion process. Also the ash viscosity is
computed using the bulk analysis of ash particle. The reason for that is the
recent evidence for this specific deposition problem.

To verify the calculated viscosity predicted, Figure 1 shows a comparison
of the measured viscosity with the model results for Black Butte coal [53].
The calculated results agree well with experimental data with only 1.2% dis-
crepancy. Based on this cross-validation, we apply the FactSage calculation
to the powder-River based coal, which is of the same coal rank and from the
same region.

+  Black Butte(Exper) | |

Solid phase

Particle Viscosity(Pa.s)

N

heterogenous phast

100+ liquid phase ‘
n n

. . . . . . .
800 900 1000 100 1200 1300 1400 1500 1600 1700 1800
Temperature(K)

Figure 1: Variation of ash viscosity against the temperature

This study employs the previously proposed regime map for determining
the ash particles sticking criteria as a function of the particle temperature
and the surface temperature, as presented in Figure 2 [7]. The objective of
this map is to easily delineate the different fly ash sticking behavior based
on their own physical and chemical properties of the deposit medium and fly
ash. When considering an ensemble of particle deposition and rebounding
events, it is convenient to define a "sticking probability", representing the
overall fraction of impacting particle deposited on the surface. The ensem-
ble averaging of numerous collision events generates a value termed as the
deposition probability between zero to one. [54, 55]. Thus the deposition
rate summing up for each environment in DQMOM particle model defined
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in Section. is computed by:

N
Rdep = E Pstick X Ppa X ‘/;7& X Wq X V:;,

a=1

(10)

where weights (w;) refers to the number of particles per volume defined in
Eq. 6, ppi and V), are defined as the ash particle density and volume for
different particle diameters as the internal coordinates ((£),) in Eq. 6, re-
spectively. The volume of a grid mesh cell (V.) is needed from the finite
volume method.

9.liquid droplet
i1 ted on liquid
layers

7.liquid droplet
imp d on ]
powdery surface |heterogenous layer

8.melting particles
i d on

liquid phase

6.melting particles
impacted on liquid
layer

4.plastic particles BT (1 T VI
impacted on impacted on
powdery surface BT UITTIENY

Group D

Particle temperature
plastic phase

solid phase

1. solid particles
impacted on
powdery surface

2.solid particles
impacted on
heterogenous layer

3.solid particles
impacted on liquid
layer

powdery layer

heterogenous layer

liquid layer

Surface temperature

Figure 2: Regime map for governing mechanisms of fly-ash deposition on a surface. Red
line represents the boundary between models. [7]

Group A model. In the case of a low temperature, the particle and pre-
deposited medium are both in solid phase. This work adopts the contact
mechanics theory to model this "dry" particles impacted on the powder sur-
face |56, 57]. This model can predict the residual energy after the collision
which is the function of the impact velocity and the material properties of
the bodies involved in this collision process. The adhesive work (E,;) com-
puted by Eq. 11a includes Van der Waals attractive forces and neglects the
elastic wave propagation effect [58]. The deformation work (Eg.f) is mod-
eled as the elastic-plastic impact of a particle on a surface with the finite
radius and mass. This deformation works occurs only if the impact velocity

10
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(Vimp) 1s greater than the limiting elastic velocity V,;, which is computed by
Eq. 11b [59]:

R Ry e

E.g=T1. 4 1/3 11

ad 709[(R1+R2> (E*)2] ; (11a)
F—F,)?

Bay = C s 1 Vi > Vo (11b)

where R, is the effective contact radius of particle-granules collision, y denotes
as the elastic load limit, I" represents adhesion work which is computed by the
surface free energy of the particle (i) and impacted surface (j) (I' = 2,/77;),
F is contact force, F,; represents the contact load with the elastic deformation
process, E* computed in Eq. 12a is effective elastic modulus of the particle-
granules collision system, and V; represents the limiting elastic velocity. The
last term is defined in Eq. 12b,
I 1- vio1—uvd

_ 12
b 7 B (12a)

2 y R, 1+C,
Vi = 3/2 =, 12b
' 2 /10p, (157*)2(}31 n RQ) V" com (12b)

where R; and R, are the radius of the impacting particle and the inter-
particle size,respectively. The inter-particle size (Rs) is computed by the
particle sintering model [60], v, and v, are the Poisson’s ratio of the incoming
particle and granular medium, respectively [61], and C,, is the mass ratio
of incident particle to the target inter-particle. As a result, the sticking
probability of Group A for the powder river coal is shown in Figure 3, for the
typical combustion condition in OFC. The corresponding material properties
of the particle impaction process is presented in the following Numerical
Condition Section.

Group B and C model. When increasing the temperature field, the presence
of a liquid phase in either the particle itself or on the deposit layer will change
the two-body collision mechanisms. This is accounted for considering the lig-
uid phase effect and deformation mechanics. Elastic deformation is negligible
when compared to deformation works of the heterogeneous (liquid and solid
phase) or liquid particle. The further energy, such as potential energy, parti-
cle rotational energy, elastic wave propagation are often neglected in the ash

11
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Figure 3: The particle deposition probability varied with the particle velocity and wall
temperature for Group A regime, where the used particle size is 5 pym.

deposition research [62, 63|. Therefore, groups B and C focus on the particle
deformation to calculate the energy dissipation rate shown by [63]
43

o= S|

2%

50 3
17 (108 Oc) 1ot = me (1-cos 027 1], (13)

129

where O, refers to the impaction angle calculated in which is provided in
Eq. 23. The sticking criteria of these two groups (Group B & C) indicates
whether all the energy is dissipated or some energy is left which could lead to
the particle rebounding. But they differ with how to compute the maximum
spread diameter (§,q.) because of their different physical properties. The
surface roughness would be taken into the impaction angle. Re, = p,v,d,/ i,
and We = ppvf,dp /7p represent Reynolds and Weber numbers, respectively.
In the case of Group B, modeling of the maximum spread diameter takes
into account the solidification effects (s*) for heterogeneous phase particles
impacting on the deposit surface [64, 65|, which is shown in Eq. 14.

¢ We+ 12 . 22Ste Yoo
mazxr — o e S =
—g’DO We+3(1 —cosO,) + 4—\‘7@ V7 '\l Pey,

(14)
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, where s* denotes the dimensionless solid layer thickness which is function
of and Peclet number (Pe = ud,/«), v = kpC, and Stefan number (St. =
Cp(Tmenr — Ts)/Hy) |66]. Whereas the liquid droplet impaction process in
Group C utilizes the work by Mao [62, 63] to compute the maximum spread
factor from Eq. 15.
1—cos®, Wey®\ We, 2
— 1) &nas + = =0. 15
4 T 5Ref:33 | ~mer 12 1) e + 3 (15)
Analogous to the group A, the example for the deposition probability of
group B is provided in the Figure 4.

0
1500

1200

1250 800 Wall Temperature(K)

Particle Tempeature(K)

Figure 4: Particle deposition probability varied with particle and wall temperature for
Group B regime, where the used particle size is 5 pm

Viscosity-melt-fraction criteria (Group D model). Over the high temperature
range in the Group D model, the viscosity of the particle or pre-deposited
layer becomes the dominant role to determine the particle deposition process
and a detailed particle-sticking criteria is introduced. The two criteria being
the melt fraction and viscosity-based method, combines as [44]

Pstick = Pmeltpm'sc- (16>

The sticking-criterion viscosity fraction (P, ), adopts the reference-viscosity
approach proposed by Walsh et.al [55], reproduced here,

. < .
Pvisc _ 17 if My = Nref; (17>
np/nrefa if Tp > Nref-

13
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The reference viscosity (7,.f) is set to 250 poise which originates from the
industrial used criterion of Thsy [1]. The Tys5 criterion represents a temper-
ature at which the viscosity equals 250 poise. This criterion indicates that
a deposit layer below this viscosity is likely to slag downward in the boilers.
That means a phase transformation from the plastic phase to the liquid phase
occurs at this temperature. Also recent experimental research supports the
usage of this Ths0 criterion for the reference viscosity [67, 68].As a result, the
group D model is much more sensitive to the viscosity. This works used the
FactSage software to compute the viscosity of the liquid and heterogeneous
phases (solid/liquid). The particle sticking propensity (Pys.) is also affected
by the melt fraction of the fly-ash particle, which is defined as:

17 if Tmax Z Tmelt;

Pt = { 0,if Thnaw < Timert. (18)
Brink et al [44] shows the maximum particle temperature experienced in the
flame correlates with the amount of the amorphous slag phase in the ash par-
ticle. Thus calculating melt fraction of the fly ash transforms to compute the
maximum particle temperature. The sticking probability contributed from
the melt fraction equals to 1 if the maximum particle temperature exceeds
the particle melt temperature threshold (T,,.;), otherwise the probability
equals to 0 [68, 51, 44].

1800

J / 1600
1400

12?1 200 Wall Temperature(K)

Particle Tempeature(K)

Figure 5: Particle deposition probability varied with particle and wall temperature for
Group D regime, where the used particle size is 5 pm
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2.3. Stokes number analysis

The Stokes number as a characteristic parameter, is able to be used to
analyze effects of subgrid-scale turbulence on the particle motions, which use
the time and length scale of the flow field [69]. Stokes number typically is
defined as the ratio of the characteristic time scale of the specific flow field
to that of the particle characteristic acceleration time scale. This particle ac-
celeration time scale stems from the particle drag force calculation, provided
by

te = ppdyCn/(18pyv)), (19)

In LES modeling, if the particle response time scale is much larger than
the time scales of subgrid-scale turbulent eddies, corresponding to the high
Stokes number, effects of turbulence on the particle motion are insignificant
and unnecessary to reconstruct the subgrid velocity [42]. On the contrary, if
the particle response time scale is the same order of magnitude as subgrid-
scale eddy time scale, and corresponding to the low Stokes number, the
lower-inertia particle is sensitive to be responsive to small-scale eddy since
the fluid velocity field is deprived of subfilter (higher) frequencies. In this
scenario, the subgrid velocity is supposed to be included to compute the drag
force in this particle-laden flow prediction. Figure 6 depicts the schematic
of turbulent particle-laden flow within different Stokes number regimes using
the LES/DQMOM method.

The above theoretical analysis concludes that the interaction between the
subgrid-scale velocity and particle dispersion becomes indispensable when
the Stokes number based on subgrid-scale turbulent eddy is smaller than or
comparable to unity. With increasing wave number in turbulent kinetic en-
ergy spectrum, the time scale of the turbulent eddy becomes smaller, and
Stokes number increases correspondingly. That means the maximum char-
acteristic time scale of SGS is the cutoff fluctuation time scale introduced
by the turbulent eddy whose size is of the same order as the mesh size
(A) [70]. The characteristic time scale of cutoff scale eddy is proposed as
tsgs = A/(U + Ueut—off)- Stokes number based on the subgrid-scale is shown
as

Tp _ pPD127 « U+ucut—off
Tsgs ]-SMffD Asgs

The turbulent fluctuation velocity (ueu—orf), computed from the turbulent

Stegs = (20)
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kinetic energy spectrum, is given as

KetAR
Ucut—of f = \/2 * / E(/‘i)d/ﬁ, (21)

where E(k) at the subgrid-scale can be extrapolated from turbulent kinetic
energy spectrum and is integrated via E(k)dk at the cutoff-scale explicitly.
The innovation of this new analysis is to compute this subgrid-scale velocity
at the cutoff scale explicitly via the turbulent kinetic energy spectrum, in-
stead of using some other model to reconstruct it after LES modeling |2, 71].

Particle size/Stoke number(St)

St<<l St=1 St=>1

Edge of turbulent boundary layer

LES grid

Figure 6: Schematic of turbulent particle-laden flow within different Stokes number
regimes.

3. Experimental and Numerical simulation conditions

3.1. Fxperimental Setup

This target experiments were performed at the 100 kW rated, down-fired
self-sustanied oxy-fuel combustor (OFC) [72, 73| with Powder River Basin
(PRB) coal. The coal properties of the PRB obtained experimentally are
given in Table 1 and its HHV (higher heating value) is measured at 21115.428
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Table 1: Coal proximate and ultimate analyses

Component C H N S O LOD Volatiles FC Ash

PRB(%) 53.72 6.22 0.78 0.23 34.11 23.69 47.01 38.01 4.94

32 kJ/kg [72].LOD denotes loss on drying or moisture content, and FC is the
353 fixed carbon.

354 To determine the particle size distribution (PSD) of the pulverized coal,
355 the experimental campaign sampled bags of coal at different depths and then
356 performed both a sieving and Beckman—Coulter diffraction analyses on the
7 collected samples [37, 74]. Therefore this work employs the Bayesian analysis
sss  only for the data from Beckman-Coulter diffraction for the parameter of the
359 Rosin-Rammler distribution [75, 76]. The relationship in this distribution
30 between the volume fraction and particle diameter (d,) is shown below

dv Udg_l —
e _(dp/dp) 22
d-d 7° (22)

p p

s where o is the spread parameter and d_p is the mean diameter. The used
2 Bayesian inference analysis based on Bayes’s theorem to solve the above two
33 unknown model parameters. The analysis tends to solve this optimization
364 problem obtaining the fitted model parameters that could make the predicted
s PSD agree with experimental data with minimized error. The different color
366 dots refer to the different sample results even using the same sample method.
367 Minimizing uncertainties forces the experimental campaign to select coal bags
s with similar PSDs to burn. The above spread parameter (o) and mean
360 diameter (d_p) equals to 53.4 and 0.873, respectively. The resulted cumulative
370 particle size distribution colored by black curve is shown in Figure 7. Its mean
sn value is about 56 pm. Therefore, the ratio of particle diameter over grid size
a2 is about 4000 and thus it is fair enough to assume the point-wise particles in
w3 the turbulent flow field. [77]

374 Zhan et al. [72] provided the ash composition analysis result shown in
szs Table 2. Special attention is paid to not unity of all summarized variable
a6 since the experimental analysis failed to detect some of residual component.
sz When it is used for computing the ash viscosity, the known composition scales
azs up to be the unity. The main operational parameters for this OFC study are
sro  listed in Table 3. Extensive OFC experimental studies can be found in the
ss0 literature |72].
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Figure 7: Cumulative particle size distribution (PSD) for the pulverized coal particle . Ex-
perimental PSD from Beckman—Coulter diffraction measurements with multiple sampling

results colored by red dot and fitted Rosin—Rammler PSD represented by black curve.

Table 2: Ash Composition

Component | Al,O3 CaO  FeyO3 MgO MnO POs
PRB(%) 14.78 22.19 5.2 517 0.01 1.07
Component | KbO  SiOy NayO SOz  TiO,
PRB(%) 0.35 30.46 1.94 8.83 1.3

;1 3.2. Numerical Stmulation Conditions

382 Numerical simulations are performed using LES combustion modeling
sg3  software called Arches, which is a component of the Uintah Parallel Runtime
;s System developed at the University of Utah |25, 26]. A second-order, explicit
;s Runge-Kutta method is used to advance the equations forward in time. A
386 pressure projection ensures that continuity is strictly satisfied for each time
37 step. The used DQMOM method for dispersed particle phase employs eight
sgs  internal coordinates to describe the physical happening of the coal particle, as
a0 described in the section 2.2, and five quadrature nodes, with each quadrature
300 node corresponding to a particle size. Table 4 shows the particle diameter
s within each quadrature node and its weight [25]. The particle weights in
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Table 3: OFC Experimental conditions

Operating Condition Value
Coal feeding rate (kg/h) 4.54
Coal rank sub-bituminous
Primary gas flow rate(lb/hour) COy: 20

OOQI 3.1

Secondary gas flow rate(lb/hour) Oy: 16.8
Swirl number of secondary stream 0.578
Primary stream temperature (K) 480
Secondary stream temperature (K) 480
Chamber Wall Temperature(K) 1280

DQMOM were computed from the fitted experimental PSD given in Figure 7

Table 4: Quadrature Approximation for inlet particle

quadrature node | particle diameter (um) Weight (number of particles/m?) %
0 5) 8.47e+8
1 15 4.58e+8
2 50 338.945
3 120 0.551
4 400 0.00011

The aforementioned ash deposition probability is shown in section 2.2
according to OFC experimental data. The contact mechanics used in the
previous Group A deposition model requires the visco-elastic properties of
the ash particle. A volume weighted method was used to compute the visco-
elastic properties of the ash particle including Young’s modulus, Poisson
ratio, and yield stress resulting in values of 50 GPA, 0.24, and 3.2 x 10°
N/m? [59, 78]. The particle velocity and size are set as 0.5m/s and 59 um
respectively to compute the example deposition probability in Figure 3 and
Figure 4. The previous particle deposition model of Group B & C regime
requires the contact angle (©.) between the particle and the smooth surface
[7]. The contact angle is derived from an ash fusion test and fit with a general
form of the Boltzmann equation [63, 65],

0.= A+ (B—A)/(1+exp|(Tp—C)/D]), (23)
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where A=0, B=180, C=1195.4 and D=24.817 for the PRB coal.

The OFC has nine pairs of sampling and observation ports along its ver-
tical section and ash deposits are collected on the sixth probe and thus the
LES simulation domain begins from the inlet and extends just beyond the
sixth probe location. Each OFC case is discretized on a Cartesian mesh with
a 4.0mm cell resolution resulting in a total of 11.16 million grid points. An
OFC simulation required approximately 210,000 core-hours to reach statis-
tically steady-state conditions. A statistically stationary state is achieved
following 10 seconds of physical time allowing for sufficient analysis of steady
state properties of the flame over the following 4.2 seconds of physical time.
Once a statistically steady-state was reached, pertinent values from the LES
solution were time-averaged and compared to the observed data.

4. Results and Discussions

This main objective of this section is to analyze the dispersed particle
evolution history of the coal combustion. Firstly,the dispersed particle at the
coal combustion stage strongly interacts with the surrounding turbulence. So
this section will present the results of instantaneous time and length scale of
the flow field and then the interaction between particle disperse phase and
turbulence characterized by the new Stokes number. Moreover, this section
includes the particle deposition results afterward the combustion.

4.1. Velocity Field

Figure 8 shows the instantaneous (left) and time averaged (right) axial
velocity field in the OFC. This work adopts the nomenclature from a previous
description of the OFC geometry /flowfield [79] and is depicted in Figure 8.
Three zones within the unit are defined as the Burner, Converging and Ra-
diation Zones. The burner, which introduces material into the Burner Zone,
is comprised of a coaxial jet feeding coal and carrier gas in the center and
an outer annulus with swirl feeding secondary gas. As the high-velocity oxi-
dizer stream are injected from the burner, vortices are shred from the sharp
corner of the burner which is shown in the instantaneous velocity at the
Figure 8(a). Also the prediction of the instantaneous flow field shows the
advantage of LES prediction capability in the near-burner region. The LES
turbulence model captures the full development of the coherent turbulence
structures in this region, which shows a highly unsteady turbulent mixing-
layer and the prediction of the local mixing between the injected oxidized
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stream, fuel gas, and the coal particle. As a result, the near-burner flow field
is swirl stabilized, which increases the mixing rate of the central jet with
the surrounding hot gasses while also increasing the coal particle residence
time [79]. This unsteady turbulence prediction from LES can better resolve
the most of turbulent eddies in space and time. That feature is more suitable
to analyze this multi-physics reaction flow problems where the multi-phase
combustion process is highly impacted by the local flow field characteristics.
On the other side, time-averaged results of axial velocity and residence time
can be translated into the estimate of length and time scales approximate to
the integral scales of this combustor [80], which is supposed to be consistent
with RANS model prediction. The time-averaged fluid dynamics indicates
the confined turbulent jet-flow mainly contributes to drive this re-circulation
pattern, bringing the high-temperature gas stemming from the chemical re-
actions along the jet axis into the near-burner region.

Interplay between the Burner Zone and the Converging Zone encourages
hot fluid gas to recirculate back upstream along the walls, creating a fairly
significant External Recirculation Zone (ERZ) at around 0.1m < x < 0.3m
in the axial direction within the Burner Zone. As observed in Figure 8(c),
the residence time within the ERZ is comparable to the exit residence time.
The ERZ is comprised of high temperature, recycled gas and particles from
the end of the Burner Zone that serves to heat material entering from the
burner, which ultimately helps coal particle ignition and promotes flame
stability. The gas leaving the Burner Zone through the Converging Zone
into the Radiant zone experiences a significant decrease in velocity despite the
reduced cross-sectional area. This is due to the rapid cooling occurring within
this transition because of high heat loss to the walls. The LES simulated
flow field of the OFC in this work is similar to other LES simulations of
similar devices [81, 82]. The flow passing through the Radiation Zone is
transitioning from turbulent to laminar flow, where the Reylolds number is
around 1300. The used dynamic Smagorinsky subgrid-scale model in LES
is also applicable to model laminar flow downstream [39]. But LES is more
accurate predictions for turbulent flow field in the upstream Radiation Zone
because a large portion of the turbulent energy is directly resolved.
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Figure 8: LES results of velocity and residence time in the OFC including (a) contours
of instantaneous (left) and time-averaged (right) velocity magnitude, (b) instantaneous
velocity vectors near the probe and, (c) instantaneous (left) and time-averaged (right)
contours of gas residence time.

4.2. FEvaluation of LES quality

A ratio of resolved turbulent kinetic energy (k,.s) to the total turbulent
kinetic energy to assess the LES quality [83] is defined as

kres

—_— 24
kres + ksgs, ( )

Rresolved =

where k,.srefers to %(ulug The value of k,.s is the half of the trace of the
Reynolds Stress tensor [84]. Figure 9 shows a contour plot of the ratio of re-
solved turbulent kinetic energy on the midplane of OFC. The ratio is around
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0.8 satisfying the well-accepted criterion for a good LES simulation [19]. Rel-
atively lower values arise near the injector, which is not surprising given the
higher mean velocity and fluctuations in this region. A finer mesh resolution
would be required to increase this fraction of resolved energy to 0.8. How-
ever, that would cause a inaccessible computational cost given that the LES
code operates on the structured meshing strategy. The reason for that stems
from the strong computational scaling perspective. Arches and the Uintah
framework has been successful in scaling to very large numbers of compu-
tational cores (O(100K)) mainly due to a structured meshing strategy. The
structured meshing strategy, along with a domain patch decomposition al-
lows the framework to equally distribute work across the total number of
cores to obtain a high-level of efficiency. Moreover,the focus of the present
study was on the downstream probe location where the fraction of resolved
energy was much higher, hence it was deemed unnecessary to run with a finer
resolution.

4.8. Temperature field

Figure 10 shows a comparison of predicted and measured gas temperature
along the furnace centerline. Overall the predicted gas temperature agrees
within 5%. The temperature profile exhibits a rapid rise in temperature
due to rapid coal devolatilization and subsequent gas phase combustion and
char oxidation reactions. After its peak, the temperature starts to decline as
heat is lost to the surroundings. The observed leveling off and small rise in
temperature around 1.0m is due to the reflected radiation from the walls in
the Converging Zone. Through the Radiation Zone, the temperature decrease
is fairly uniform. The influence of the probe on the gas temperatures is clearly
seen just past 2.0m. The probe temperature itself has a significant effect on
the deposition rates and possibly to the gas temperature. To explore the
sensitivity of probe temperature, three probe temperatures were simulated
(723K, 823K, 923K) in three separate simulations. It was observed that
this probe temperature range did not influence significantly the average gas
center-line temperature, except for in the near vicinity of the collection probe,
as shown in Figure 10.

Since the particle temperature plays an important role in determining
particle sticking probability on the target surface, the particle temperature
along the furnace center line is presented in Figure 11. Given the same
combustion condition, different size particle behaves differently and the tem-
perature data of two particle environments are plotted. While the majority
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Figure 9: Contours of the ratio of resolved turbulent kinetic energy (TKE) to total turbu-
lent kinetic energy in OFC different plane : (a) cross-section at mid-plane, (b) horizontal
cross section at x/L=0.25, (c) horizontal cross section at x/L=0.45, (d) horizontal cross
section at x/L=0.7, where x and L refer to the axial location and vertical length of OFC,
respectively.

of volatiles is released at the vicinity of burner as the temperature rises, the
temperature evolution of smaller sized particles (d=15um) follows closely to
that of the gas temperature. However, the larger particles (d=50pm) survive
and reach to a longer distance, partially due to its greater heat capacity. The
larger particles show a delay in heat-up. The size-dependent temperature of
the particle is a function of the local gas mixing (convection), radiation,
mass losses and heats of reaction. Different effects dominate the particle
temperature at different lengths down the centerline. The maximum parti-
cle temperature for all particles along the centerline exceeds the ash melting
temperature, resulting in a unity sticking propensity|7]. These LES results
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of particle temperature data are consistent with other observations [10, 85].
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Figure 10: Comparison of gas temperature between thermocouple measurements and LES
results along the furnace centerline.

4.4. Particle flow analysis

Overall the particle-laden flow features show that the fuel particles are
injected at the top of combustor, distributed and accelerated by the surround-
ing high-velocity air jet. The dispersed particles near burner region interact
with turbulent structures. While the coal particles are well dispersed, the
particles are heated up by the high gas temperature and gradually react
with the fuel gas. These particles are convected downstream and spread in
the axial and radial directions,and some of them are trapped in the central
re-circulation region.

To illustrate the momentum interaction between the particle phase and
gas phase.The new Stokes number analysis defined in section 2.3, is able
to show the interaction between the subgrid-scale velocity and particle dis-
persion, which based on the subgrid-scale kinetic energy. This carrier-phase
kinetic spectrum employs the data point extracted from a cubic box with
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Figure 11: Evolution of particle temperature for two particle environments along OFC'’s
axial direction

0.064m dimension in the flow domain. Correspondingly, the particle flow data
extracts from this same cubic box, where its center is specified by the user.
Figure 12 shows the evolution of Stokes number based on the subgrid-scale
of different particle sizes along the main stream flow trajectory at OFC. The
Stokes number near the burner for all three particle environments is greater
than that of other locations respectively, because the turbulence intensity
stays at a high level at the near-burner region and most of the combustion
reaction occurs in this region. Therefore this local flow field gives rise to a
broader distribution of the Stokes number near the burner zone, as shown in
Figure 12(a) . This distribution becomes narrower downstream of OFC after
the organic materials in coal particles are completely reacted. For instance,
Figure 12(c) shows a narrow Stokes number distribution and the widespread
distribution disappears for all three particle environments at OFC down-
stream, because the flow at OFC downstream is already in the transition
from the turbulence flow to the laminar flow state. The velocity fluctua-
tions are gradually diminished downstream. Moreover, the particle size and
density decrease due to the completion of coal combustion. Stokes number
decreases for all three particle environments accordingly.
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The interesting frequency result of 15um particle (env-1) and 50 pm
particle (env-2) behave reversely after flowing through converging zone, as
indicated by the comparison between Figure 12(b) and Figure 12(c). The
amplitude of 15um particle (env-1) frequency decreases, whereas 50 pm
particle (env-2) frequency increases as the location moves from x/L=0.45 to
x/L=0.7. The reason for decreasing frequency of 15 pum (env-1) is that the
amount of ash deposition for 15 pum (env-1) particle occurs at the converging
zone where the cross-section area dramatically reduces at the converging zone
and thus reduces the frequency of 15 pum (env-1). However, the frequency of
50 pm (env-2) with the wide distribution at Figure 12(b) concentrate into
the narrow distribution and thus increase the frequency amplitude, as the
intensity of turbulence decreases inside of radiation zone, Also limited 120
pum (env-3) particle, unlike the 50 um (env-2) donot deposited much on the
converged zone.
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Figure 12: Histogram of Stokes number at subgrid-scale from OFC different locations: (a)
central OFC at x/L=0.25, (b) central OFC at x/L=0.45, (c) central OFC at x/L=0.7,
where x and L refer to the axial location and vertical length of OFC, respectively. Blue,
green, and blue color represent 5 ym particle, 15 um particle, and 50 ym particle environ-
ment at DQMOM model, respectively. Frequency refers to the number of data-point with
the same Stoke at Nyquist cutoff

Figure 13 shows the axial variations of the particle-carrier gas velocity
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correlations, which are averaged over the plane perpendicular to the axial
flow direction. The velocity correlations are computed by

Upu™ — upu*

V (@, — 0, (W ur — wuF)

R(u*wuy) = (25)

where the asterisk (*) and p-underscore denotes the gas velocity and parti-
cle phase velocity, respectively. The axial velocity correlations for large-size
particle decay along the axial direction as derived in the further Stokes num-
ber analysis. The radial components of the particle velocity are not closely
related to the carrier gas velocity (v,v*). The small-size particle behaves
differently and acts as fluid particles. Correlations of 5 pum(env-0) and 15
pum (env-1) particles are about 0.95-level at Burner Zone and increase to 1
at Converging Zone and Radiation Zone except nearby the deposition probe.
Fluctuations of velocity correlation at the probe stems from insertion of de-
position probe and thus changing the downstream fluid field. However, 50
pm (env-2) and 120 pm (env-3) of velocity correlation behaves differently.
Even though the trajectory of coal particles is affected by the combustion
and interphase interaction, the heavy particles tend to follow their own path
rather than the path of fluid particles. That is why low values of correla-
tion coefficient are detected at the Burner Zone, which is consistent with the
trend of Stokes Number analysis in Figure 12.

4.5. Particle deposition results

The flow near the collection probe is nearly laminar with a Reynolds num-
ber of approximately 1300 resulting in a transitional flow from turbulent flow
stage to laminar flow stage as indicated in Figure 8(c). The particle deposi-
tion on the collection probe is segregated into two parts: horizontal deposits
and vertical deposits [72|. The horizontal deposits refers to the deposition
on the horizontal surface of collection probe which is vertical to streamline
flow. The deposition result on horizontal surface has been reported in the
previous publication [7]. Whereas this study focus on the deposition on the
vertical surface which is parallel to the main streamline flow. Since the flow
field near the probe nearly becomes to laminar flow and thus excludes the
effect of the inertial impaction on the vertical surface, the diffusion mech-
anism plays a dominant role in deposition on the vertical surface. Among
the diffusion mechanism, the thermophoresis force is the primary mechanism
to transport particles from the gas phase to the vertical probe surface [86].
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Figure 13: Axial variation of velocity correlation coefficient between the carrier gas and
particle phase, defined in Eq.25: (a) environment 0 (dp=5um) with gas phase, (b)
environment 1 (dp=15um), (c¢) environment 2 (dp=>50 um),(d) environment 2 (dp=200
um).

Based on the temperature range, the ash particle deposition probability is
controlled by the energy conservation law upon the particle collision with the
wall (see Figure 2). For each different probe temperature, the aerodynamics
around the probe remain the same.

The comparison of the LES and experimental total ash deposition mass to
the vertical probe is plotted in Figure 14. The collected deposits on the verti-
cal surface increase linearly with increasing probe-to-gas temperature gradi-
ents in both the experiment measurements [72] and the LES simulations. The
linear relationship is a result of the thermophoresis being the primary driving
force across all probe temperature conditions. The discrepancy between the
numerical and experimental results is mainly due to ash deposition probabil-
ity at 923K scenario and the omission of erosion in the model. Even though
this paper improves the particle sticking mechanism using FaceSage software,
the the uncertainty of input parameter for computing particle viscosity con-
tributes to this discrepancy. One of the important uncertainty source stems
from the experimental analysis of ash composition of Table 2 since Zhan
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et.al experiment [72| fails to provided the comprehensive ash composition
information, like some residuals not detected. That significantly impact the
ash viscosity computation and its deposition probability prediction using the
group D mechanism which targeted for the high-temperature range in Fig-
ure 2. That results in an overestimate in the simulation prediction, especially
at the temperature of 923K[87]. That is consistent with the result that dis-
crepancy reduce as the probe temperature decrease. Overall the deposition
rates of OFC simulation match within 27.7 % of the measured data.
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Figure 14: Ash deposits mass of Port 6 Vertical surface within 4 hours

5. Conclusion

Investigating the reactive particle-laden flow in industrially-relevant fa-
cilities is essential to gain a more detailed understanding of coal combustion.
This work presents a numerical simulation of coal combustion at a down-fired
self-sustained oxy-fuel combustor (OFC) which includes the multi-physics
phenomena: turbulent flows, particle flow, heat transfer, coal combustion and
ash particle deposition. This research takes advantage of large-eddy simula-
tion technique to examine this complex problem. Building on the foundation
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of previous experimental and multi-scale simulation efforts at the University
of Utah and elsewhere, this work improved a dynamic ash deposition model
for this multi-phase reacting flow simulation framework.

The results of this approach are tested against experimentally measured
data at this facility. This work mainly analyzes the time and length scale of
the flow field inside OFC. The quality of LES modeling indicates how much
of the turbulent kinetic energy is resolved when using the current grid sys-
tem. This study employs the turbulent kinetic energy spectrum to compute
the subgrid-scale turbulence. The effects of it on the particle motions are
analyzed through the new proposed Stokes number analysis. The turbulence
at the subgrid-scale does affect the trajectories of small particles while they
have little effect on the motions of large particles. Since small particles are
essential to flame stability, subgrid-scale velocity models are necessary to re-
solve the particle motions fully. Since the ash deposition is closely related
to the upstream coal particle flow behavior, the relative accurate prediction
of ash deposition rate can reflect the accuracy of upstream coal particle flow
results. This study employs a more accurate method of FactSage software
to compute the ash particle viscosity as one of the important parameters for
determining the ash deposition probability. Overall, results from the OFC
simulation show that the averaged gas temperature and deposition rates agree
within 5% and 28%, respectively, with the measured data. As a result, the
presented model can be used to simulate coal combustion in the industrial-
scale pulverized coal boiler, which can help identify the problematic locations
of excessive ash deposit build-up in existing boilers and also provide valuable
insights for new boiler designs.
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