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Slagging and fouling are important phenomena associated with ash handling and discharge in coal combus-
tion and gasification. A slag model has been developed for modeling the ash/slag fate including char/ash de-
position, char wall burning, molten slag flow, as well as solid slag layer formation on the reactor wall. The
submodels are implemented as user defined functions in a three-dimensional computational fluid dynamics
(CFD) code, and applied for the simulation of a pilot scale coal slagging combustion facility. The results on
the two-dimensional cylindrical reactor wall show uneven char/ash deposition distribution due to the
non-axisymmetric flowfield and char trajectories in the reactor. Molten ash properties such as the tempera-
ture of critical viscosity (Tcv) and slag viscosity are critical to the slag layer buildup and solid slag layer forma-
tion, and eventually affect the ash partition between slag and fly ash. The proportion of ash captured on the
cylindrical wall decreases from 44.1% to 23.5% when Tcv increases from 1580°K to 1780°K. Since the reactor is
configured with refractory-brick wall, the slag layer has limited impact on the heat transfer through the wall
due to its small thickness.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Coal contains inorganic mineral content, when burned or con-
verted in industrial furnace and reactors, these mineral residuals
are discharged from the flue gas or synthetic gas in the forms of fly
ash, bottom ash and slag [1–3]. Slagging combustion and gasifica-
tion are intended to operate at temperatures above the ash fusion
temperature, in which the ash content is molten and deposited
along the wall, forming a slag layer. Up to 90% of the ash can be
discharged as molten slag from the bottom of the furnace or reactor
to a water quenched slag hopper, where it forms crystal pellets. Advan-
tages of slagging combustion and gasification include higher energy
efficiency, broader fuel flexibility, compact heat exchangers, as well as
higher value of the low-carbon content slag residuals for utilization
[4,5]. However, challenges associated with slag behavior have been
identified on slagging combustors and gasifiers operating. If the operat-
ing conditions are not optimum, problems may damage the reliability
and safety [6–8], such as excessive corrosion of the refractory wall and
water membrane by molten slag, and slag discharging difficulties due
to solidification. Therefore, a better understanding of the char–slag in-
teraction and slag flow behavior is imperative for the reactor design
and optimization.
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In slagging combustion, a molten and solid slag layer builds up
on the refractory wall in refractory-lined furnaces or reactors. Fig. 1
shows a schematic diagramof the slag layerwithmass and heat transfer
processes. Molten ash particles are trapped and deposited on the refrac-
tory wall, which build up a dynamic balanced slag layer flowing down
driven by gravity. Depending on the operating temperature, ash fusion
temperature and heat transfer characteristics on the refractory wall, a
solid slag layer may form between the molten slag and the refractory
wall. Outside the refractory wall, a water-jacketed steel shell is used
to support the reactor structure and operating pressure.

Studies on the oxy-coal combustion Computational Fluid Dynamics
(CFD) modeling have been advanced in recent years [9–14,36,37],
which has demonstrated the validation of this approach and obtained
insights into the fluid flow, heat transfer, and chemical reaction process-
es. The implementation of slag flowmodeling in the CFD framework has
been developed in previous studies [15–21]. Seggiani [15] developed a
one-dimensional time-varying slag flow model for a Prenflo entrained-
flow gasifier and integrated it into a 3-D gasifier code. The gasifier wall
was discretized to 15 cells in the vertical direction, with the particle
mass deposition rate, gas temperature and heat flux as input variables
from the 3-D code, averaged analytical solutions derived from conserva-
tion equations are obtained for the slag velocity, molten and solid slag
thickness, and temperature distributions in each of the cell. Wang et
al. [16,17] developed a one-dimensional steady state model for the
slag flow in a coal-fired slagging combustor. Compared to the Seggiani
model, this model considers the wall-burning sub-process when parti-
cles are trapped on the slag surface and its effects on the char conversion

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2013.02.010&domain=pdf
http://dx.doi.org/10.1016/j.fuproc.2013.02.010
mailto:ghoniem@mit.edu
http://dx.doi.org/10.1016/j.fuproc.2013.02.010
http://www.sciencedirect.com/science/journal/03783820


Fig. 1. A schematic diagram of the slag flow on refractory wall, with steel wall and water
cooling outside. Figure is cited and modified from reference [15]. Red color arrows and
curves show the heat transfer process, and dark blue arrows indicate mass transfer
process.

Fig. 2. The geometry of ISOTHERM 5 MWth oxy-combustion test unit.
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and heat transfer near the wall region. However, only the molten slag
thickness is solved in the calculation without considering solidification.
The models developed by Seggiani [15] and Wang et al. [16,17] are
one-dimensional models averaging the variables in the circumference,
which can not resolve the slag behavior in the azimuthal direction.
Bockelie et al. [19] developed a steady state slag model based on previ-
ous works, and expand it into two dimensional simulation on the gasifi-
er wall.

However, as an important sub-process determining the partitioning
of coal ash contents in the slag and fly ash, the char capture sub-process
was not clearly defined or stated in the previous numerical studies. In
recent years, insights have been gained into the char–slag interaction
and char capture sub-process by experimental and numerical ap-
proaches [8,22–24]. In our previous work, Yong et al. [20,21] proposed
a set of particle trap criteria for the slag–particle interaction and applied
it in 1-D slag flow modeling. This paper expands the slag model along
with char–slag interaction and wall burning submodels, and imple-
ments it in 3-D CFD simulations of oxy-coal combustion. Therefore,
the slag deposition and thickness distribution along the circumference
of the furnace wall due to non-uniform flowfield can be presented.
Table 1
Coal properties used in this study.

Unit Value

Proximate analysis (as received)
HHV kJ/kg 29153
Moisture wt.% 6.4
Ash wt.% 7.0
Volatile matter wt.% 33.1
Fixed carbon wt.% 53.5

Ultimate analysis (dry ash free)
Carbon wt.% 82.1
Hydrogen wt.% 5.43
Oxygen wt.% 10.5
Nitrogen wt.% 1.39
Sulfur wt.% 0.58
2. Test facility and simulation domain

The geometry of a pressurized oxy-fuel combustor developed by
ITEA Spa and ENEL introduced elsewhere [25,26] is used in this
study. Fig. 2 shows the schematic geometry of the 5 MWth pressur-
ized Coal Water Slurry (CWS) oxy-fuel combustion pilot scale test
rig. The reactor length is 5.3 m, with an inner diameter of 1.2 m. It
consists of a partial swirl burner in the top axis and a CWS atomizer
located a small distance off the axis of the central bluff body. The
flue gas duct and the molten ash port are located at the bottom end
of the combustor, which is not simulated in the slag model and not
shown in the figure. The combustor is lined with a three-layer refrac-
tory wall inside of the steel shell, and a water jacket is used for
cooling outside of the steel shell.

A bituminous coal was used in the experiment, and its properties
including proximate and ultimate analysis, as well as ash composi-
tion, were summarized in Tables 1 and 2, respectively. During the
oxy-combustion test, the reactor was operated under an operating
pressure of 4 bar, and wet flue gases were partially recirculated and
mixed with pure oxygen as oxidant burner stream. The operating
conditions were summarized in Table 3.
The oxy-coal combustion in the reactor is modeled using a com-
mercial CFD code FLUENT. Based on the formulation and sensitivity
analysis of the 1-D slag model in our previous work [20], a 2-D slag
model was developed for the 3-D CFD simulation of the oxy-coal
combustor. In this study, the reactor is assumed to be vertically laid,
the molten slag flow is driven by gravity and trapped particle
momentum from top to bottom on the cylindrical refractory wall.
The shear stress by gas phase is negligible because of the high den-
sity ratio between the molten slag and gas. Moreover, due to the
boundary-condition nature of the 2-D slag model, the possible aero-
dynamic drag force due to uneven surface of the slag is ignored and
the possible re-entrainment of slag particles into the gas is also
ignored in this study. Due to the unstructured nature of the mesh
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Table 2
Oxide composition of the coal ash.

Ash composition wt.% as oxide

SiO2 44.35
TiO2 1.56
Al2O3 30.88
CaO 3.82
MgO 3.14
Na2O 0.76
K2O 0.67
P2O5 1.027
Mn3O4 0.1
SO3 0.85
Fe2O3 4.51

Fig. 3. The 2-D expansion of the refractory wall of the cylindrical reactor. The perimeter
is evenly divided into 80 strips in the azimuthal direction. The slag flow is assumed to
flow downward in each strip driven by gravity.
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on the reactor bottom, only the slag flow on the cylindrical side wall is
computed in this study.

In the 3-D mesh used for combustion CFD simulation, the 2-D reac-
tor side wall face is evenly divided into 80 vertical “strips”, each with
105 cells in the vertical direction. In total there are 8400 rectangular
cells on the wall. Fig. 3 shows a schematic diagram of the cell matrix,
and themolten slag is assumed to flow in each of the 80 strips indepen-
dently. The geometric relationships of the cells are compiled in a user
defined function (UDF) as a look-up table, so that the physical quanti-
ties of the slag layer can be calculated following the sequence in flowdi-
rection. Other UDFs are developed to compute the mass, momentum
and energy exchanges between the slag, the depositing particles and
the surrounding gas in each cell during a slag model iteration.

3. Mathematical models

In order to describe the molten slag flow and its interactions with
the particle and reacting gas, several submodels were developed and
applied in a 3-D CFD framework. In this section, the conservation
equations for the slag flow are introduced, which are used to obtain
analytical solutions for the slag mass flow rate, velocity, thickness
and temperatures, followed by a description on the submodels for
char capture and wall burning, as well as the slag physical properties.
Implementation of the slag model with the CFD framework and its
solving strategy is discussed at end of this section.

3.1. Conservation Equations

In this section, only the discretized conservation equations for mass,
momentumand energy in the slag layer are introduced. Analytical solu-
tions for slag velocity, thickness, heat loss are derived from these
conservation equations, and used directly in the CFD UDF code. The
reader is referred to the Appendix A at the end of the paper for detailed
derivations of analytical solutions.
Table 3
Operating conditions of the burner and atomizer under oxy-fuel mode.

Composition Mole (Mass)
fraction

Mass flow
rate

Pressure Temperature

% kg/s bar °C

Burner
stream

O2 21.9 0.29 4 280
N2 3.37 0.038
CO2 36.3 0.56
H2O 38.3 0.24

CWS Coal (65) 0.1 8 37.22
Water (35) 0.054

Atomization
gas

Steam – 0.01 18 265
3.1.1. Mass conservation
Fig. 4(a) illustrates the mass balance for a computational cell

j within the liquid slag layer. In steady-state, the mass accumulation
rate is zero. Hence, particle deposition rate, _md, particle consumption
and devolatilization rate, _mvc, and exit mass flow rate, _mex, are related
as follows:

_mex;j ¼ _mex;j−1 þ Δ _mex ¼ _mex;j−1 þ _md;j− _mvc;j

¼ ∑j
i¼0 _md;i− _mvc;i

� �
ð1Þ

where j is the current computational cell index. The physicalmeaning of
Eq. (1) indicates that in a steady state, the exit mass flow in each cell is
equal to the summation of the particle deposition rate, less the particle
consumption and devolatilization rate in the cell itself and all the cells
vertically above it.

It should be noted that themass balance determines themolten slag
flow rate in each cell, and it also affect the velocity distribution
discussed later. Therefore, the calculation of particle deposition rate
and consumption rate is critical in order to get an accurate result, and
this will be described in the ash/char particle capture submodel and
wall burning submodel in Sections 3.2 and 3.3, respectively.

3.1.2. Momentum conservation
Fig. 4(b) shows the momentum conservation in a finite volume of

the molten slag layer. The liquid slag flow is assumed to be a Newto-
nian flow with viscosity, us, which is a function of the melt ash com-
position and mean temperature proposed by Urbain et al. [27]. In the
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Fig. 4. Mass, momentum and energy balance in a finite volume of the liquid slag layer.
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thin layer inertia free limit, the momentum balance equation can be
written as:

d
dz

μs
du
dz

� �
¼ −ρsg sinα ð2Þ

where z is the distance from slag surface, ρs is the molten slag densi-
ty, g is gravity, and α is the lean angle between the reactor wall and
horizontal line. For the vertical laid reactor wall, α=90°. Two
boundary conditions are applied on the liquid slag layer surface
and the bottom of the liquid slag layer:

μs
∂u
∂z ¼ −τp; at z ¼ 0;

u ¼ 0; at z ¼ δl;

8<
: ð3Þ

where τp is the average shear stress on the slag surface induced by
depositing particles, and δl is the liquid (molten) slag thickness. Ap-
plying the boundary conditions in Eq. (3), the liquid slag velocity dis-
tribution in the radial direction can be solved as:

u zð Þ ¼ −ρsgδ
2
l sinα
2μs

1− z
δl

� �2
þ τpδl þ

ρsgδl sinα
2μs

� �
1− z

δl

� �
: ð4Þ

Based on the derivation given by Wang et al. [17], the average
shear stress of the depositing particles can be computed as:

τp;j ¼
u2
p;x;j _md;j

2ujΔs
¼ u2

p;x;j _md;jρs;j δl;j
2∑j

i¼0 _md;i− _mvc;i

� �
Δx

ð5Þ
where up;x is the average velocity of the depositing particles in the
slag flow direction, Δs is the finite area of the grid face on the wall,
Δx is the length of the grid face in the slag flow direction.

3.1.3. Energy conservation
Similar to the methods used for mass conservation, the energy

conservation of a finite volume in the molten slag layer is shown in
Fig. 4(c). The energy balance equation can be written as:

_Q ex;j ¼ _Q ex;j−1 þ Δ _Q ex ¼ _Q ex;j−1 þ _q″
in;jΔs− _q″

loss;jΔs− _mmelt;jhmelt þ _md;jcp;pTp ð6Þ

where _Q ex is the exit heat transfer rate in the slag flow direction, _q″
in

is the net heat flux from the gas phase including radiation and con-
vective heat transfer, _q″

loss is the heat flux by thermal conduction
through the slag layer, _mmelt is the melting mass rate, hmelt is the
heat of fusion, cp,p is the slag specific heat and Tp is the depositing par-
ticle average temperature.

As shown in Fig. 1, the temperature profile across the solid slag
layer and refractory wall is linear because of the constant thermal
conductivity, while it is nonlinear in the molten slag layer due to
the slag flow and convective heat transfer in the flow direction. Cer-
tain boundary conditions must be satisfied on the surface and bottom
of the molten slag layer:

T ¼ Ts;
∂T
∂z ¼ −

_q″
in

kl
; at z ¼ 0;

T ¼ Tcv;
∂2T
∂z2

¼ 0; at z ¼ δl;

8>>><
>>>:

ð7Þ
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where Tcv is the temperature of critical viscosity at which molten slag
solidify, kl is the molten slag thermal conductivity and Ts is the liquid
slag surface temperature. In order to satisfy these boundary condi-
tions in Eq. (7), a cubic polynomial temperature profile is usually as-
sumed in the thin boundary layers [28] as:

T ¼ Tcv þ 1:5 Ts−Tcvð Þ− _q″
inδl
2kl

 !
1− z

δl

� �
− 0:5 Ts−Tcvð Þ− _q″

inδl
2kl

 !
1− z

δl

� �3
: ð8Þ

In Eq. (6), the exit heat transfer rate, _Q ex;j, can be obtain by inte-
grating the temperature profile over the molten slag layer; the heat
flux through the slag layer, _q″

loss, can be solved by calculating the
heat transfer through the molten and solid slag layer. Substitute
these quantities into Eq. (6), the heat transfer rate and temperatures
at different layers can be solved. The details of derivation are de-
scribed in the Appendix A. Once the heat transfer quantities are calcu-
lated in each wall grid face, they can be fed back to the continuous
phase as input thermal boundary conditions for next step iteration.

3.2. Ash/char particle capture submodel

The particle capture submodel is to predict if a particle is captured or
rebounded when it reaches the wall boundary. A deterministic capture
criterion is required to determine themass deposition rate that is need-
ed as an input of the slag mass balance calculation in Section 3.1.1.
According to the order of magnitude analysis by Montagnaro and
Salatino [29] and Yong et al. [20], under typical operating conditions
of pulverized coal combustion, ash or char particles do not penetrate
the slag surface due to the large surface tension. Therefore, the capture
criterion in this study is only on the slag surface.

In this study, the particle capture criterion is based on the sticki-
ness of the particle and the combustor wall. The criteria of char cap-
ture are summarized in Table 4: Ash or char particles are able to be
trapped on the wall when both the wall is sticky (refractory wall in-
ternal surface temperature is above the ash temperature of critical
viscosity, Twi>Tcv) and the particle is sticky (Tp>Tcv, and the particle
conversion is above a critical particle conversion Ccr [22,30]). If one of
the two sides is non-sticky, the particle is still possible to be trapped
when the Weber number is smaller than critical value [31], and this
critical value has been set to 1. The Weber number is a comparison
of the kinetic energy and the interfacial surface tension energy be-
tween the particle and the slag surface, defined as:

We≡ Particle Kinetic Energy
Surface Tension Energy

¼ ρp v
2
pdp

σ sp
ð9Þ

where σsp is the surface tension of the particle when a solid particle is
molten, or it is the interfacial surface tension of the molten slag if
there is molten slag layer buildup on the wall.

3.3. Wall burning submodel

After the carbon-containing char particle is trapped on the molten
slag layer, the char burning process continues with a slower reaction
Table 4
Char trap criteria in the char capture submodel.

Char/ash particle

Tp>Tcv

Conversion>Ccr ConversionbCcr

We>Wecr WebWecr We>Wecr W

Wall Twi>Tcv Trap Trap Reflect T
TwibTcv Reflect Trap Reflect T
rate, because the particle is partially submerged into the slag layer
and oxygen diffusion is slower into the char internal and external sur-
faces. In the char combustion submodel, the char particle is considered
to be a fixed core, with all the heterogeneous reactions occurs only on
the external surface. Wang et al. [17] proposed an effective surface
area, Aeff, to take the reduced external surface area into account:

Aeff ¼ 2πRp 2Rp−s
� �

ð10Þ

where Rp is the particle radius, and s is the submersion depth into the
slag layer.

The submersion depth, s, can be determined by calculating the
balance of forces that are acting on the char particle when it settles
down on the slag layer. A simulation study by Shannon et al. [8] in-
vestigated the dynamics of char/ash particle including drag force,
capillary force, and fluid-added mass force, and found that for particle
with diameter up to 100 μm, the settling time is 0.4 ms, which is neg-
ligible when compared to the residence time in a computational cell
on the wall. At equilibrium position, the particle is balanced by
three forces: gravity force Fg, buoyancy force Fb, and capillary force Fc:

Fg ¼ 4
3
πR3

pρpg cosα ð11Þ

Fb ¼ −πs2 Rp−
s
3

� �
ρsg ð12Þ

Fc ¼ 2πRpσ s
s
Rp

−1− cosθ

 !
ð13Þ

where α again is the angle between reactor wall and horizontal line, θ
is the contact angle between slag and particle, and σs is the surface
tension of the slag. Based on the calculation by Shannon et al. [8]
and Yong [32], for small particles up to 100 μm, the capillary force
dominates the force balance, and the submersion depth, when set-
tling on the slag surface, is about 0.5Rp.

3.4. Slag properties

Slag physical properties such as viscosity, density, specific heat
and thermal conductivity are the functions of the ash chemistry com-
position, oxidation or reduction atmosphere in the surrounding gas,
as well as slag temperature. Empirical correlations are used to predict
these properties and solve the conservation equations [20]. Mean
temperature across the thickness of the molten slag layer T slag is
used to evaluate the properties, according to the cubic temperature
profile in Eq. (8), it is derived as:

T slag ¼ 5Ts

8
þ 3Tcv

8
− qinδl

8kl
: ð14Þ

The correlations for specific heat, thermal conductivity, density
and surface tension are taken from Mills and Rhine [33,34], whereas
TpbTcv

Conversion>Ccr ConversionbCcr

ebWecr We>Wecr WebWecr We>Wecr WebWecr

rap Reflect Trap Reflect Trap
rap Reflect Reflect Reflect Reflect
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the slag viscosity is based on the Urbain and the Kalmanovitch–Frank
models [35]. Of all the slag properties, the temperature of critical vis-
cosity, Tcv, is the most critical property for slag modeling because it
defines the interface between liquid and solid slag layers, and it is
the most challenging property to predict. Based on the correlations
presented in Vargas et al. [35] and Seggiani [15], we used a reference
temperature Tcv=1680K, and varied it ±100K for sensitivity analy-
sis. These physical properties are summarized in Table 5. Please
note that since the experimental studies on the ash properties for
the specific coal are scarce, these properties are estimated based on
correlations for gasification environment, which may vary in an oxi-
dized environment.
Fig. 5. The algorithm of the slag model integration in the 3-D CFD framework.
3.5. Integration with the CFD framework

In this study, the slag model is implemented in a 3-D CFD simula-
tion of the oxy-coal test facility in the form of UDFs. Mathematical
submodels, such as realizable k−ε model, Eddy Dissipation model
and Discrete Ordinate model, were used for modeling turbulence,
chemistry–turbulence interaction and radiation heat transfer, respec-
tively. The trajectory and reaction process of coal particles are
modeled with the Discrete Phase Model (DPM), the Chemical Percola-
tion model for Devolatilization (CPD model) and multi-surface reac-
tion models were used for coal devolatilization and char combustion.
The interaction between gas phase and particle phase is modeled in
an Eulerian–Lagrangian approach in which the mass, momentum
and heat exchanges between the particle phase and the gas phase
are calculated using the “particle-source-in-cell” method, instead of
solving the conservation equations inside the particle [38]. The reader
is referred to the previous papers for more details on the oxy-coal
combustion CFD simulation [14,26].

Fig. 5 shows a brief flow chart of the algorithm on the slag model
integration in the CFD framework. In a DPM iteration step, the particle
trajectories are calculated, and the deposition rates in the wall cells
with trapped particle properties were saved in User Defined Memo-
ries (UDM) corresponding to each of the wall cells. Following each
DPM calculation, the slag flow analytical solutions are calculated
using the DPM results as inputs, to obtain the slag flow rate, molten
and solid slag thickness, slag average velocity, heat loss and slag
layer temperatures in each of the cells. The heat transfer variables
are updated as boundary conditions in the following continuous
phase iterations. The iteration is converged when a stable slag flow
solution is obtained in the steady state.
4. Results and discussions

In this section, results from the slagging coal combustion are ana-
lyzed. For a reference Tcv,ref, the char–slag interaction, slag flow be-
haviors and its impact on heat transfer are investigated. Moreover,
since the temperature of critical viscosity depending on the coal
type is important and results in significantly different slag behavior,
a sensitivity study on the Tcv is conducted.
Table 5
Physical properties of the coal slag.

Slag properties Correlations in Ref. Range

Temperature of critical viscosity Tcv (K) [15,35] 1580–1780
Viscosity μs (Pa s) [35] 6.2–334.5
Density ρs (kg/m3) [33,34] 2779.9–2887.9
Specific heat cp (kJ/kg K) [33,34] 1.3825
Thermal conductivity kl (W/m K) [33,34] 1.73–1.80
4.1. Ash/char particle deposition

As discussed in Section 3.1.1, the char and ash particle deposition
rate determines the molten slag mass flow rate. Therefore, modeling
the char/ash particle–slag interaction is important for understanding
the fates of ash particles in slagging combustion. With the particle
capture submodel introduced in Section 3.2, the particle deposition
rate is calculated in each of the finite grid cell. Fig. 6 shows the parti-
cle deposition flux (kg/(m2s)) and particle capture efficiency distribu-
tion on the refractory wall. The particle deposition flux is the captured
particle mass flow rate per unit area on the wall, while the capture
efficiency is defined as:

Capture efficiency ¼
_mcaptured

_mcaptured þ _mrebounded
ð15Þ

where _mcaptured and _mrebounded are the captured particle mass flow
rate and rebounded particle mass flow rate in each finite cell,
respectively.

The particle deposition flux is in the range of 0.2×10−3~1×10−3

(kg/m2s), and the maximum deposition flux is located between 2 and
3 m away from the burner where char and ash particles impact the
wall from the coal water slurry injector. It is noteworthy that the de-
position flux is unevenly distributed in the circumference direction
on the cylinder wall due to the non-axisymmetric nature of the
flowfield and particle trajectories in the combustor. The capture effi-
ciency is generally below 22%, indicating that not all particles are cap-
tured when they impact the wall. And it varies depending on the
particle temperature and velocity, carbon conversion, and the surface
tension of the local molten slag.

Li et al. [22] found that the physical transformation of mineral–
carbon association in the particle has a major impact on particle
stickiness, which translates to a dramatically higher capture efficien-
cy at a critical coal conversion. Fig. 7 shows the average velocity
magnitude and average carbon conversion of the trapped particles,
and it indicates that particles with high carbon conversion (over 80%)
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Fig. 6. Char/ash particle deposition rate on the wall: (a) the particle deposition (only trapped) flux (kg/m2s), and (b) the particle capture efficiency distribution in each of the wall
finite face.
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have a higher trend to be captured. The momentum of the particle is
also important: as shown in Fig. 7, the velocity magnitude of the cap-
tured particle is generally below 4 m/s. In the bottom of the reactor
Fig. 7. Properties of trapped particles: (a) Average velocity magnitude of the trapped part
particles in each of the wall finite face.
where the particle velocity is lower, particleswith lower carbon conver-
sion are also trapped due to its lower velocity and smaller Weber
number.
icles in each of the wall finite face, and (b) average carbon conversion of the trapped
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4.2. Slag thicknesses and molten slag velocity

Fig. 8 shows the molten slag layer thickness and its flow velocity
distribution on the wall at steady state. A liquid slag layer is built up
starting from about 1 m away from the burner, and its thickness in-
creases from 0 to about 1 mm due to the accumulation of ash particle
deposition. We note that although it is challenging to measure the
slag thickness during pressurized oxy-coal combustion, the predicted
slag thickness magnitude and trend agree well with the experimental
observations of the slag formed on the refractory walls during a
shut-down condition. The molten slag flows downward slowly driven
by gravity and particle deposition momentum. Due to its high viscos-
ity, the average velocity is generally below 0.4 mm/s. According to
Eq. (16), the average velocity correlates with the slag layer thickness,
and is retarded at locations where wall and slag temperatures
are low.

It should be noted that no solid slag layer is formed in this case
when the reference Tcv is set to be 1680 K, because the refractory
wall internal surface temperature Twi is above the slag melting tem-
perature at all the locations covered by liquid slag layer. However,
solid slag may begin to form or melt under the molten slag layer if
the operating temperature or the feeding stock is changed. In order
to investigate the effects of the slag property on slag flow behavior,
two cases were conducted with a changed temperature of critical vis-
cosity Tcv±100K in the simulation. Meanwhile, the temperature-
dependent viscosity correlation is modified using effective factor of
1.5 and 0.67, for the Tcv+100K and Tcv−100K cases, respectively,
taking the changed molten slag viscosity into account.

The averaged solid and liquid slag layer thicknesses for the three
cases are shown in Fig. 9. When the Tcv is 1580 K and 1680 K, no solid
slay is observed at steady state, while a solid slag layer with thickness
up to 2.2 mm is formed in the Tcv=1780K case at the bottom part of
the reactor wall. On the other hand, the starting point of liquid slag
Fig. 8. Slag layer buildup on the refractory wall: (a) liquid slag layer thick
layer becomes further downward when the Tcv increases, because of
the weaker ash/char particle stickiness tendency. Moreover, as shown
in Fig. 10, the average molten slag flow velocity decreases significantly
due to the increasing slag viscosity. As a result, the proportion of ash
captured on the reactor wall out of the total ash decreases, from 44.1%
in the Tcv,ref−100K case, to 23.5% in the Tcv,ref+100K case. These facts
indicate that a higher operating temperature is required for high
ash-fusion-temperature coal in slagging combustion or gasification for
reliable slag discharge and operating.

It should also be noted that coal ash consists of complex chemistry
components, which have very different phase change temperatures.
Some metal oxides with higher melting temperature may condense
and accumulate on the refractory wall to form solid slag. Solid slag
layers are also formed because of the temperature fluctuations in op-
erating of slagging combustors or gasifiers. Time- and composition-
varying models are required to capture these physics.

4.3. Heat transfer through the slag layers

Fig. 11 shows the temperature distributions in the slag layer as a
function of axial distance. The slag surface temperature, refractory
wall internal surface temperature and external surface temperature
are averaged in the circumference. The temperature difference
through the molten slag layer is very small (less than 10 K) due to
the thin thickness, while the thermal resistance is dominated by the
refractory wall which acts as a heat insulation. Because of the rela-
tively small thermal resistance comparing to the refractory wall, the
slag layer has limited impact on heat transfer in the slagging combus-
tor. Fig. 12 shows the heat flux through the slag layer and refractory
wall for the Tcv,ref−100K case and the Tcv,ref+100K case. The heat
flux in the high Tcv case is slightly higher in the top part, and slightly
lower in the bottom part of the reactor, because of the differences in
liquid and solid slag layer thicknesses shown in Fig. 9.
ness, and (b) liquid slag flow velocity (m/s) in each finite wall face.
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However, the impact of slag layer on the heat transfer in water–
membrane lined reactors might be very different than the refractory
wall cases as shown in this study. If the combustor or gasifier is
designed with water–membrane wall, the slag or fouling layer would
dominate the thermal resistance and temperature drop between the
fire side and the metal wall. In that case, the slag layer thickness may
have a significant impact on the heat transfer characteristics.

5. Conclusion

A steady state slag flow model is developed for slagging coal com-
bustion and gasification CFD simulation. The model consists of
submodels on molten slag flow and slag solidification, char and ash
particle capture, as well as wall burning processes. It was im-
plemented as user defined functions in a 3-D CFD code, and applied
in the simulation of a pilot scale slagging coal combustor. Results on
char–slag interaction and slag behavior are obtained on the 2-D cylin-
drical wall, and the main conclusions are as follows.

1. The char and ash particle deposition flux depends on the flowfield
and char trajectories, wall temperature, as well as the char proper-
ties such as carbon conversion, diameter, and particle velocity.
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Fig. 10. Average liquid slag velocity as a function of axial distance for the reference
critical viscosity temperature Tcv,ref case, and Tcv,ref±100K cases.
Char particles with higher carbon conversion and lower Weber
number have higher tendency to be trapped.

2. Ash properties such as Tcv and viscosity are critical to slag behavior:
in the reference Tcv case, molten slag layer up to 1 mm is formed ac-
cumulatively on the refractory wall with an average velocity up to
0.35 mm/s. Solid slag layer up to 3 mm begin to be formed when
Tcv is above the operating temperature. The proportion of ash cap-
tured on the cylindrical wall decreases from 44.1% to 23.5% when
Tcv increases from 1580 K to 1780 K.

3. For the refractory wall lined combustors or gasifiers, the slag layer
has limited impact on heat transfer through the wall due to its thin
thickness.
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Appendix A. Analytical solutions for the mass momentum and energy conservation equations

A.1. Derivation of the molten slag velocity

The molten slag velocity and molten slag thickness are solved by combining the mass and momentum conservation equations in
Sections 3.1.1 and 3.1.2. Integrating the slag velocity (Eq. (4)) in the liquid slay layer, and replace τp in Eq. (5) yields the average molten slag
velocity uj:

uj ¼
1
δl;j

∫
δl;j

0

uj zð Þ dz ¼ δ2l;jρs;jg sinα
3μs;j

þ δ2l;jρs;j _md;ju
2
p;x;j

4∑j
i¼0 _md;i− _mvc;i

� �
μs;jΔx

: ð16Þ

The average molten slag velocity, uj, can also be calculated from the mass balance with Eq. (1):

uj ¼
_mex;j

ρs;jδl;j πDn
¼

∑j
i¼0 _md;i− _mvc;i

� �
ρs;jδl;j πDn

ð17Þ

where n is the number of strips in the azimuthal direction, D is the diameter of the cylindrical reactor. Combining Eqs. (16) and (17), the molten
slag thickness δl,j and the average slag velocity uj can be expressed as follows:

δl;j ¼
_mex;j

n
πD

Mp þ Gs

 !1
3

¼
∑j

i¼0 _md;i− _mvc;i

� � n
πD

Mp þ Gs

0
B@

1
CA

1
3

ð18Þ

uj ¼
∑j

i¼0 _md;i− _mvc;i

� �
n
πD

� �2
3 Mp;j þ Gs;j

� �1
3

ρs;j
ð19Þ

where Mp,j and Gs,j are defined as:

Mp;j ¼
ρ2
s;j u

2
p;x;j

_md;j

4μs;j∑
j
i¼0 _md;i− _mvc;i

� �
Δx

ð20Þ

Gs;j ¼
ρ2
s;j g sinα
3μs;j

: ð21Þ

Note that the value of the molten slag thickness δl,j and the average slag velocityuj are dependent on the mass deposition in previous cells, so
they are solved in sequence following the flow direction.

A.2. Temperature, heat transfer and solid slag thickness

Employing the proposed cubic temperature profile across the molten slag layer, the exit heat transfer rate in each cell, _Q ex;j, can be obtained
by the following integration:

_Q ex;j ¼ ρs;j cp;j
πD
n

∫
δl;j

0

uj zð ÞT zð Þdz ¼ C1 _q″
in;jC2 þ Ts;jC3 þ T intC4

h i
ð22Þ

where cp is the slag specific heat, and C1–C4 are derived as:

C1 ¼ ρs;j cp;jδ
3
l;jπD

nμs;j
ð23Þ

C2 ¼ δl;j
2kl;j

11ρs;jg sinα
120

þ 4μs;jMp;j

15ρs;j

 !
ð24Þ

C3 ¼ 61ρs;jg sinα
240

þ 4μs;jMp;j

5ρs;j
ð25Þ

C4 ¼ 19ρs;jg sinα
240

þ μs;jMp;j

5ρs;j
: ð26Þ
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Mp is given by Eq. (20), and Tint is the interface temperature which varies depending on the existence of a solid slag layer. The interface tem-
perature is defined as:

T int;j ¼
Twi:j; for Twi:j≥Tcv&δsld ¼ 0;
Tcv; for Twi;jbTcv&δsld≠0;

�
ð27Þ

where δsld is the solid slag layer thickness, and Twi is the refractory wall internal surface temperature (see Fig. 1). In this derivation, axial con-
duction has been neglected. This assumption is warranted upon inspection of the Péclet number which is found to be in the order of 1000.

Axial heat conduction is also neglected along the solid slag layer and reactor wall. Thus, the heat flux to the coolant is the heat loss from the mol-
ten slag layer _q″

loss. Considering the heat transfer through the solid slag layer, refractory wall and water coolant shown in Fig. 1 yields the following
equations:

_q″
loss ¼

1:5 Ts−Tcvð Þkl
δl

−
_q″

in

2
¼ ksld

δsld
Tcv−Twið Þ ¼ kwall

δwall
Twi−Twoð Þ ¼ ho Two−Tcð Þ ð28Þ

where ksld and kwall are the thermal conductivity of the solid slag and refractorywall, respectively. Two and Tc are the external surface temperature of
the refractory wall and water coolant temperature, respectively. ho is the convective heat transfer coefficient by water cooling.

Solving Eqs. (6), (22), and (28) simultaneously and setting the value of _Q ex;0 to zero, the unknowns _Q ex;j, _q
″
loss, Ts, Twi, Two and δsld can be

computed for each computational cell as follows:

_q″
loss;j ¼

_q″
in Δs−C1 C2 þ C3

δl
3kl

� �� �
−C1 C3 þ C4ð ÞTc− _mmelthmelt þ _mdcp;pTp

� �
j
þ _Q ex;j−1

ΔsþC1C3

δl;j
1:5kl;j

þ C1 C3 þ C4ð Þ δwall

kwall
þ 1
ho

� � !
j

; for Twi:j≥Tcv;

_q″
in Δs−C1 C2 þ C3

δl
3kl

� �� �
−C1 C3 þ C4ð ÞTcv

− _mmelthmelt þ _mdcp;pTp

0
BBB@

1
CCCA

j

þ _Q ex;j−1

ΔsþC1C3

δl
1:5kl

� �
j

; for Twi;jbTcv;

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

ð29Þ

Ts ¼ _q″
loss

δwall

kwall
þ 1
ho

þ δl
1:5kl

� �
þ _q″

in
δl
3kl

þ Tc; forTwi:j≥Tcv;

_q″
loss þ _q″

in

2

 !
δl

1:5kl
þ Tcv; forTwi;jbTcv;

8>>>>>>>>><
>>>>>>>>>:

ð30Þ

Twi ¼ _q″
loss

δwall

kwall
þ 1
ho

� �
þ Tc ð31Þ

Two ¼ _q″
loss

ho
þ Tc ð32Þ

δsld ¼
0; for Twi:j≥Tcv;

ksld
Tcv−Tc

_q″
loss

− δwall

kwall
− 1

ho

� �
; for Twi;jbTcv;

8<
: ð33Þ
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