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A computational fluid dynamic (CFD) model and a deposition model are coupled to predict the molten slag deposition
behavior in radiant syngas cooler (RSC) for entrained flow coal gasification. The slag particle deposition model is devel-
oped by identifying the excess rebound energy as a criterion to determine if the particle is deposited or rebounded from
the wall while slag solidification in the impact process is also considered. The simulation results show that molten slag
particles stick on the membrane wall between the height of 12.2-22.0 m for Reference Case with the maximum deposi-
tion rate 1.5x107>kg/(m?-s) at the position of height about 16.8 m. The deposition rate increases with increasing inlet
temperature and operating load. Small inlet diameter leads to high deposition rate due to high transport rate and high
deposit propensity, while small inner cylinder diameter leads to higher deposition rate due to higher deposit propensity.

Introduction

Entrained-flow gasifier, an important component
in advanced integrated gasification combined cycle
(IGCC) power plants, usually run at high temperatures of
1,200-1,600°C and high pressure of 2-8 MPa; most plants
run at around 4.0 or 6.5MPa (Liu and Hao, 2007; Higman
and van der Brugt, 2011). Two main methods are usually
used for cooling the high temperature raw syngas along with
molten slag and fly ash: water quench or radiant cooling
(Minchener, 2005). Using a radiant syngas cooler (RSC) can
recover the sensible heat of the syngas and molten slag. Most
of the slag/ash can be captured by the slag pool at the bot-
tom of RSC and removed through a lock hopper. However,
some of the molten slag particles may stick on the surface of
membrane wall which is cooled by water. Slagging not only
reduces the thermal efficiency, but also affects its integrity as
a result of corrosion, erosion or other negative impacts on
the RSC’s membrane wall.

The net deposition rate depends on both the rate of slag
particles transport to a surface and their propensity to stick
once they reach a surface. The chemical properties of slag
are usually used to measure the fusibility (Liu and Hao,
2007), flow property (Xu et al., 2014a) and slagging propen-
sity (Xu et al., 2009). Various studies are focus on analyzing
the chemistry components of the ash and evaluating the de-
position mechanism in coal-fired combustors (Naruse and
Nakayama, 2000; Naruse et al., 2010), entrained flow gasifi-
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ers (Barroso et al., 2006, 2007) and syngas coolers (Brooker,
1993; Strandstrom et al., 2007). Slag viscosity is also com-
monly used as particle-sticking criteria to predict the results
of the particle impact process (Richards ef al., 1993; Fan et
al., 2001). Various sticking probabilities of three different
approaches: empirical viscosity models, experimental re-
sults based on ash fusion characteristic, thermo-gravimetry
and thermodynamic equilibrium calculations are compared
(Wieland et al., 2012). However, the impact of slag particles
on the membrane wall is further complicated due to the
slag solidification in impact process. Bussmann et al. (1999)
developed a 3D, finite-difference, fixed-grid Eulerian model
which used a volume-tracking algorithm to locate droplet
free surface. Pasandideh-Fard et al. (2002) used the volume
of fluid (VOF) model to simulate the impact process (Pas-
andideh-Fard et al., 1996) and modified the Bussmann’s 3D
model (Bussmann et al., 1999) by taking heat transfer and
solidification into account. Li et al. (2010) studied the ash
deposition behavior in the gasifier by combining the experi-
ment and computational fluid dynamic (CFD) simulation.
Yong et al. (2012), Yong and Ghoniem (2012), Chen et al.
(2013) and Chen and Ghoniem (2013) predicted the slag
layer characteristics and its influence on the wall heat trans-
fer with the model coupled with a CFD model and particle
capture model. Mechanical adhesion theories and visco-
elastic modeling is combined to model ash particle deposi-
tion (Losurdo et al., 2012). The maximum spread diameter
and rebound criterion are used in a slag droplet rebound
model to predict the impact process, and the effects of slag
viscosity, impact velocity, impact angle, molten slag surface
tension, molten slag contact angle, and particle size are all
considered (Ni et al., 2011a). However, in a RSC, the slag
droplet impact velocity, impact angle, slag contact angle and
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wall temperature are variables of spatial location. Therefore,
using the limited data from experiments, CFD simulation is
applied to predict the molten slag deposition quantitatively
under high temperature and high pressure conditions. Ad-
vanced CFD-based ash deposition models are combined
with the thermochemical properties (Mueller et al., 2005),
CCSEM data (Lee and Lockwood, 1999), multi-component
and advanced fuel analyses (Zevenhoven-Onderwater et al.,
2000) of the particles to predict the transport of fly ash
particles quantitatively. Few researchers have predicted the
deposition rate synthetically considering the effects of slag
viscosity, impact velocity, impact angle, surface tension, par-
ticle size and the solidification in the impact process.

In this paper, an axisymmetric 2-D model of RSC is de-
veloped, the gas—solid flow is simulated numerically using
the commercial CFD-code FLUENT, and the trajectory of
slag particles is calculated. The rebound criterion is applied
to predict the results of the slag impact processes when the
slag particles reach the membrane wall surface by compiling
the user defined functions (UDFs).

1. Mathematical Model

For comprehensive modeling of the gas-particle turbulent
flow, heat transfer and slag deposit in the RSC is shown in
Figure 1. The numerical methods for the physical processes,
such as gas-particle flow, heat-transfer and slag particle
impact process, in the present model are discussed in the
following sections.

1.1 Multiphase flow hydrodynamics

In the present work, an Eulerian-Lagrangian method is
adopted to describe the flow behavior of the gas and particle
phases. The gas flow is simulated as turbulent, described by
the realizable k—& model (Shih et al., 1995). This model can
accurately predict the spreading rate of both planar and round
jets and has been extensively validated (Ni et al, 2009). The
syngas from gasifier is a mixture of many species, and the spe-
cies transfer model is used to evaluate the gas species concen-
tration distributions. In addition, the water gas shit reaction
(WGSR) maybe occurred in RSC, but the effect on tempera-
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Fig. 1 Mechanisms of the physical processes in RSC

70

ture and flow fields is small, so it is ignored.

The particle is assumed as spherical, and the particle
volume fraction is about 10~* or lower in RSC. So the in-
teraction between the particles can be ignored (Wang et al.,
2007). The particle motion can be described by the discrete
random walk (DRW) model (Ni et al, 2011b). The trajec-
tories of particles are predicted by integrating the force
balance on a particle. According to Newton’s second law of
motion, the force balance can be represented as

di,

dt

:g.(Pp _Pg)

Pp

= Fp(ui, —1i,) + +F, (1)
Where u, is the particle velocity, #, is the syngas
velocity, p, is the particle density, F, is an additional
acceleration (force/unit particle mass) term including the
virtual mass force, thermo-phoresis force, Brownian force
and Saffman’s lift force. These forces are ignored in this
paper due to they are so small under the condition of RSC,
pg<p, Foltig —1iy) is the drag force per unit particle mass
and

184 CpRe
de; 24

Fp= (2)
where y is viscosity of the fluid, Cy, is the drag coefficient, d,
is the particle diameter and Re is the relative Reynolds num-
ber that is defined as

_ Pedy| iy —tig|
U

The interaction between the gas and particle phases is
considered by the two-way coupling method. The momen-
tum transfer from the continuous phase to the discrete
phase is computed by examining the change in momentum
of a particle as it passes through each control volume. The
two-way coupling is accomplished by alternately solving the
continuous and discrete phase equations until the solutions
in both phases converge. The momentum change is com-
puted as

Re (3)

_ 3uCpRe .
F= z (%(MP - ug)+ FotheerpAt (4)

where m, is mass flow rate of the particles, At is the time
step and F, ., is other interaction forces.

1.2 Heat-transfer model

The radiative heat-transfer predominates in overall heat
transfer process in the RSC shown in Figure 1, although
convective and conductive heat transfer cannot be ignored.
In this work, the radiative heat transfer equations are solved
by the discrete ordinate (DO) model. Heat-transfer between
the syngas and slag/ash particles is considered by solving the
heat balance equation:

dT,
mpde—tp= hA(Ty—T,)+&,A,0(6% —T}) (5)

where 6y is the radiation temperature which is calculated
with the incident radiation G and Stefan-Boltzmann con-
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stant 0:(G/40)*%, and the convective heat transfer coeffi-
cient h is evaluated by the correlation of Ranz and Marshall
(1952). The heat lost or gained by the particle can be calcu-
lated based on the temperature and flow field as it traverses
each computational cell.

1.3 Collision mechanism

As the change of important factors, such as liquid prop-
erties, surface characteristics, impact velocity and surface
inclination, there are six regimes of particle-to-wall collision
observed experimentally without phase transition (Sikalo
et al., 2002, 2005): (1) splash, (2) spreading, (3) spreading
and sliding, (4) partial rebound, (5) rebound, (6) deforma-
tion. However, in our study, the solidification in the collision
process cannot be ignored because of the low temperature of
membrane wall. Figure 2 shows five different results of the
collision process of a single particle. When the temperature
of slag particle is lower than the flow temperature (Figure
2(a)) when it impact the membrane wall, the particle is as-
sumed to be solid and would rebound from the membrane
wall after impact process as shown in Figure 2(a) and (b).
When the temperature of slag particle is higher than flow
temperature (Figure 2(c)), the particle is assumed to be mol-
ten and the rebound criterion is applied to predict the result
of the slag impact process.

Mao et al. (1997) proposed that the droplet impact pro-
cess can be divided into four stages and suggested that the
rebound criterion can be determined by impact energy. This
criterion has been applied to predict the carryover deposi-
tion in boilers (Mao et al, 1997) and the slag deposition
processes (Ni et al, 2011a). Before impact (Figure 2(c)),
the initial kinetic energy (E,,) and surface energy (E,,) of a
droplet are

1 1 1
Ek1:2mu(2):2/)p(6 ”d;}l(z) (6)
Ey=Ay=rndyy (7)

When the droplet reaches its maximum spread diam-

(=%
L
L=

E Molten slag
mm Solidified slag

Fig. 2 Different collision results of a single particle
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eter D,,,, as shown in Figure 2(e), the kinetic energy is zero
(Ex,=0), and the surface energy (E,,)

E,= %Dﬁmy(l—cosa) (8)

where « is the slag-solid contact angle. The work in deform-
ing the droplet (W) (Pasandideh-Fard et al., 1996) is
T 1
wW=— uld Drznax T (9)
3 Pptodp \/E
As shown in Figure 2(d), the molten slag may solidify
when it reaches the cold membrane wall surface. Restrict-
ing the droplets spread due to the solidification is modeled
by assuming that the kinetic energy stored in the solidified
layer is lost. The loss (AE, ) is approximated by

s 1

A reasonable estimate of d, mean value is D, /2. The
thickness of the solidified layer is calculated using an ap-
proximate analytical solution developed by Poirier and Po-
irier (1992). The dimensionless solidification thickness is ex-
pressed as a function of Peclet number (Pe = uyd,/a), Stefan
number (Ste = C(T,,— T,,;)/Hy) and ¢ = k,pC

2 %@,
=——=Ste a

N
&y Jn T\ Pegy

According to the energy balance law

(11)

Enw+E,=E,+E,+W-+AE, (12)

Substituting Egs. (6)-(11) into Eq. (8) yields an expres-
sion for the maximum spread factor & .:

We+12

Emax = (13)

3 4Wi
WeSte\/ O +3(1—cosa)+ ¢

2nPe@y @

where We is the Weber number (We = p,ugd,/y).

Hence, if the energy possessed by a droplet is large
enough when reaching the maximum spread diameter, the
droplet will further rebound up and be swept away by the
strong shear force of syngas in the near wall regions as illus-
trated in Figure 2 (c-d-f) and (c-e-h). Therefore, a rebound
criterion is formulated (Mao et al., 1997):

E*=0.25( 00 )*(1—cosa)
—0.12(€ )2 (1= cos @) + 2/ (38 1) —1 (14)

where E¥ is the excess rebound energy which describes the
tendency of a droplet to rebound up. A droplet remains on
the membrane wall surface when E*=0, Figure 2 (c-d-g)
and (c-e-i), which is the slag deposition formation. The
molten part of deposited slag would flow downward under
the action of gravity and solidified finally. In this study, a
UDF is compiled to calculate the E¥ to predict the results of
the slag droplet deposition processes once the slag particles
contact the membrane wall surface.
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1.4 Physical and thermal properties modeling

The radiative properties of syngas are computed by a
Weight Sum of Gray Gases Model (WSGGM) (Smith et
al., 1982). The syngas density and the species mass diffu-
sion coefficient of syngas can be calculated by the ideal gas
mixtures law and multi-component FicK’s law respectively.
The radiative properties of slag particles are dependent on
the chemical compositions, particle size, particle shape and
surface roughness (Bhattacharya, 2000). The composition
and physical properties of slag particles in the present work
are shown in Table 1.

The slag viscosity changes with temperature (T, °C) for
the Ningxia coal shown in Figure 3, the experimental data
is obtained from the high temperature viscometer (Xu et al.,
2014b) under reducing atmosphere, and the fitted expres-
sion is

T, -1208.37
u=7.772+12370.74 / {H—exp(smlsﬂ (15)

Surface tension of coal slag is dependent on the chemical
compositions, atmosphere, temperature and pressure (Mel-
chior et al., 2009, 2011). Typical coal slags exhibited surface
tension values between 400-700mN/m (Melchior et al,

Table 1 Composition and properties of Ningxia coal ash/slag

Component wt/% Ash fusion temperatures [°C]

Sio, 40.24 DT 1,118
Fe,0; 7.69 ST 1,145
ALO, 17.57 HT 1,155
TiO, 0.96 FT 1,164
CaO 13.43 Physical properties

MgO 5.81 Density [kg/m®] 2,700
SO, 9.87 Slag conductivity [W/(m-K)]  1.87
P,0; 0.04 Scattering [1/m] 0.10
K,0 1.58 Emissivity 0.83
Na,O 2.14 Heat capacity [J/(kg-K)] 1,450
Others 0.67 T, [°C] 1,280

Ash fusion temperatures are measured under reducing conditions.
DT: initial deformation temperature, ST: spherical temperature, HT:
Hemispherical temperature, FT: fluid temperature.
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Fig. 3 Viscosity-temperature data of the Ningxia coal slag under re-
ducing atmosphere with the fitted curve fitted
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2009) under reducing atmosphere. Due to the simplification
of mathematical model, the surface tension y of Ningxia
Coal slag is estimated (y=500mN/m) based on the sur-
face tension range and the operating condition of RSC. The
contact angle can be presented as a function of the wall tem-
perature fitted by the following Boltzmann fitting equation.

a=a+(b—a)/{l+exp[(T, —c)/d]} (16)

where T, is the substrate temperature, the constants
a=54.80, b=104.37, c¢=347.53, and d=117.93, the values
are suggested by Ni ef al. (2011a) from the literature (Abbott
and Austin, 1985).

2. Boundary Conditions and Simulation Method

The RSC geometry is illustrated in Figure 4(a), which is
designed for an industrial-scale coal-water slurry entrained
flow gasifier. Typical operating condition given in Table 2
is obtained from an industrial entrained flow gasification
plant. This paper investigates mainly the deposition charac-
teristics of molten slag in RSC, and the deposition occurs in
the inner cylinder. In order to simplify the model, the sys-
tem is composed of the inlet and the inner cylinder. Due to
the axisymmetric system, the computational domain, con-
taining 87,100 cells (Reference case (RC): Dy, =1.05m and
Djyne:=2.5m) as shown in Figure 4(b), is divided by quad
grids with mesh refinement near the membrane wall. The
specified grid is fine enough to give grid independent solu-
tion and be validated through the grid-independent tests.
The mass inlet and pressure outlet are used for inlet and
outlet boundary, respectively. The surface inlet is used for
particle inlet, and the inlet velocity is the same as gas. The
surface temperature of each membrane wall is determined
from energy balance equations based on the thickness of ash
and slag accumulation by compiling UDFs. The ash or slag
accumulation condition, as shown in Figure 5, only can be
observed and examined when the gasifier unit is shutdown.
There exists no slag and thin ash accumulation under nor-
mal shutdown for spare part replacement and maintenance
as shown in Figure 5(a) which is taken from an indus-
trial RSC in one methanol plant. Figure 5(b), taken from the
same RSC, shows the severe slag deposit at the top section
and it may lead to blockage requiring gasification plant to be
dropped out of service for cleaning or repair. In this paper,
refer to Figure 5(a), the thicknesses of ash accumulation on
wall-up and wall-inner for RC in Figure 4 were estimated to
be 0.2mm and 0.3 mm, respectively. The measured particle
size distribution is shown in Figure 6. The Rosin-Rammlar

Table 2 Operating conditions of industrial-scale RSC (RC)

Variable Value
Syngas and particle inlet temperature [°C] 1,364.0
Temperature of water in slag pool [°C] 47.0
Operating pressure [MPa] 4.0
Inlet syngas flow rate [kmol/h] 10,593.1
Inlet particle mass flow rate [kg/h] 13,243.7
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Fig. 6 Slag particle size distribution and Rosin-Rammlar fitting line

distribution method fitting to measurement data which is
used for model calculation are also shown in Figure 6.

The governing equations for the conservation of momen-
tum, energy, turbulence and radiation are solved sequen-
tially by the finite-volume-method (FVM) using a commer-
cial CFD code FLUENT 12.1 (ANSYS, Inc.). The standard
wall function method (Launder and Spalding, 1974) is used
to account for the near-wall effects in the flow field. For
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the evaluation of the convective terms and turbulent ki-
netic energy, the second order QUICK scheme is used. The
PRESTO! Scheme is used for pressure discretization. For
numerical stability, the first order upwind scheme is applied
to solve the equations of gas species transport.

3. Results and Discussion

3.1 Model validation

In this CFD-based model, the flow and heat transfer
model has been applied and validated (Ni et al, 2011b),
and the droplet collision mechanism has been tested and
validated by Aziz and Chandra (2000). This article only
validates whether the collision mechanism is practicable
for CFD model calculation. Numerical calculations have
been carried out with this CFD-based model for a labora-
tory scale entrained flow reactor as described in (Wieland
et al., 2012). The simulation results of the deposition rate on
the probe which is inserted at the bottom of the entrained
flow reactor, are shown in Figure 7, the maximum deposi-
tion rate is 7.95X107°kg/(m?-s). As ignoring the influence
on the flow and temperature field caused by chemical reac-
tion, certain deviation exists while the experimental data is
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Fig. 7 Particle deposition rate on the probe surface in the entrained
flow reactor with this CFD-based model

3.63X10°kg/(m?s) obtained from (Wieland et al., 2012).
Hence, using the present model, the predicted value can
basically agree with the experimental result for deposition
behavior of molten slag.

3.2 Molten slag deposition

Figure 8 shows the impact rate and deposition rate
of particles impacting the membrane wall with the dif-
ferent inlet temperatures. Focus on the curves of RC
(Tiee=1,637K), the deposition occurs between the
height of 11.2-22.0m with the maximum deposition rate
1.5X 10 °kg/(m?-s) at the position of height about 16.8 m.
The accumulate rate reaches 0.48mm/d (accumulation
thickness per day) at the maximum deposition position
while the molten slag flow behavior (Figure 2(i)) is ne-
glected. The impact rate mainly dependents on the flow
field and temperature field which are shown in Figure 9.
Recirculation regions can be found around the inlet jet, and
are shown clearly by streamlines with arrows. The long resi-
dence time of the syngas that enters into the recirculation
regions causes lower temperature, and that can be verified
by the temperature contour in Figure 9. Between the two
recirculation regions, due to the circumfluence, the particles
impact membrane wall time and again because rebounding
happens while the temperature of impacting particles are
lower than the slag flow temperature (Figure 2(a, b)). Hence,
the impact rate reaches the maximum rate at height about
24.7 m. The impact rate remains at high level because of the
dissipation of inlet jet, and becomes lower while the jet flow
turns to plug flow.

The deposit propensity #n of the impacting particles, as
shown in Figure 10 can be calculated as:

_ Deposition Rate

Impact Rate (17)

The fitting line for the deposit propensity is similar to

the curve of deposition rate. The volumetrically weighted
average properties of impacting particles are also shown
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Fig. 10 Deposit propensity and average properties of particles im-
pacting the membrane wall for RC

in Figure 10. The particle impact rate is high at the regions
above height 22.0m where no particle is captured because
of the low temperature of the impacting particles while they
are all solidified. The deposit propensity increases from
the height 22.0 to 17.0m with the maximum deposit mass
percent 0.45%. The impact temperature increase and veloc-
ity decrease of impacting particles leads to this rise trend in
this region. Although the impact velocity still slow down,
the particle impact rate reduce and the temperature decrease
lead to the decrease of deposition rate. As show in Figure
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5(b), it is observed that the slag deposition always appear at
the upper portion of membrane wall in the industrial RSC.
This phenomenon can be another verification of the present
model. Below the height 11.2m, all the impacting particles
are solidified and considered to be inviscid.

3.3 Effect of inlet temperature

To clarify the effects of inlet temperature on the de-
position rate, simulations with four inlet temperatures of
1,587-1,662 K were conducted. The comparison of the pre-
dicted results of different inlet temperatures is illustrated
in Figure 8. Figure 11 illustrates the average temperature of
impacting particles for different inlet temperatures. From
the simulation results, the inlet temperature does have in-
fluence on the deposition rate, while the impact rates are
almost same. It is found that the average temperature of
impacting particles increases with the inlet temperature in-
creasing correspondingly. The sticking probability becomes
higher when more slag particles have not been solidified
once they impact the membrane wall due to the higher inlet
temperature. In addition, slag surface tension and viscos-
ity are both functions of particle temperature. The viscosity
decreases and the surface tension increases as the particle
temperature increases. Hence, the tendency to rebound de-
creases as the temperature of impacting particles increases.
These predictions are in agreement with Ni et al. (2011a)
and Walsh et al. (1990).

In Figure 11, 1, and 1, show the deposition region of RC,
and points 2 and 2’ are the crossing points of deposition
curve for RC (Tj,=1,637K) and 1,, 1,, respectively. Lines
l; and 1, are perpendicular to the vertical coordinate axes
through the points 2 and 2'. Then 1, 1’, 3 and 3’ are the
crossing points as shown in Figure 11. The average tempera-
ture of impacting particles for T;,,,= 1,587 K is lower than
others and no point exist curve of Tj,,= 1,587 K crossing L.
Hence, the slag particles can hardly stick to the membrane
wall which agrees with the result obtained from Figure 8. It
can be attributed by the fact that the temperature of all par-
ticles impacting the membrane wall is lower than the molten
temperature, and the particles are solidified and considered
to be inviscid. When the inlet temperature is higher than
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--T, =1587K & L 4
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1400 +_ _
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1200
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Fig. 11 Volumetrically weighted average temperature of impacting
particles for different inlet temperatures
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1,612K, the regions 1-1', 2-2" and 3-3' are similar to the
regions obtained from Figure 8. Hence, the temperature of
15 can be defined as critical deposit temperature. In addition,
the regions widen and the deposition rate increases as the
inlet temperature increases. The deposition occurs between
the height of 12.5-19.7 m with the maximum deposition rate
2.8X10 °kg/(m?-s) at the position of height about 16.7m
for T,=1,612K; the deposition region become wider,
10.0-22.5m height, with a larger maximum deposition rate
7.8X10 °kg/(m?-s) at the position of height about 17.2m
for Tipee=1,662K.

3.4 Effect of operating load

In order to investigate the effects of operating load on the
deposition rate, simulations for three more cases with dif-
ferent operating loads (95, 105 and 110% capacity of RC)
were conducted. The syngas flow rate and the slag mass flow
rate change accordingly with the change of operating loads.
Figure 12(a) shows the impact and deposition rate of par-
ticles impacting the membrane wall with different operating
loads. The significantly different slag flux leads to different
impact and deposition rates. The increase of operating loads
results in widening of deposition regions, increasing of the
deposition rates. The impact rate increases as the syngas
and slag flow rate rises correspondingly with the increase of
operating load as shown in Figure 12(a). It also can be noted
that the increment scale of deposition rate is larger than the

6.0x107 1.0x107
-~ - 05%RC

—RC
105%RC

= 45510°F | jore E 7.5x1u"”_§
4 £
Za0a0” {50x10°
2 =
E =
a -3 §~
 15x10” 25x10° §
= T

0.0 L 0.0
0 5 10 15 25
Height [m]
(a)
0.60 1500
- - -95%RC
—RC  szzreeog .
105%RC .
= 045F  _ 110%Re e
= 1300 3
2030 z
2 5
& J1100 3
£ Ed
2 0.15 5
= <
0.00 : ! : . 900
] 5 10 15 20 25
Height [m]
(b)

Fig. 12 Simulation results for different operating loads (95%RC: 95%
capacity of RC)

(a) Average velocity and temperature; (b) impact and deposition
rates.
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ratio of capacities. Figure 12(b) exhibits the average impact-
ing velocity and temperature for different operating loads.
It’s found that the impact velocity increases due to inlet ve-
locity increasing with operating load accordingly. The excess
rebound energy increases with an increasing of the impact
velocity from 0.1 to 1.0m/s (Ni et al., 2011a). The particles
with high velocity rebound from the membrane wall when
they have positive excess rebound energy. However, due to
the same heat transfer condition, larger load leads to the
increase of impact temperature. Hence, in the deposition
regions, the larger capacity case, the higher deposition pro-
pensity.

Based on the upper two sections, it can be inferred that
the ash accumulation, which primarily affects the heat trans-
fer condition, can cause serious slag deposition when the
ash accumulation is thick. So in industrial scale gasification
system, the soot blowers must be in good efficiency.

3.5 Effect of structural parameter

To investigate the effects of diameters of inlet and inner
cylinder, the calculations of five structures were conducted.
The structural parameters and expansion ratio (D;,er/Diptet)
are listed in Table 3. From the calculations of cases with

Table 3 Structural parameters of different cases

Case 1 Case 2 RC Case 3 Case 4

Dyt [m] 0.95 0.85 1.05 1.05 1.05
Dipner [m] 2.5 2.5 2.5 2.2 2.8
Diner! Dintet 2.63 2.94 2.38 2.10 2.67
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Fig. 13 Simulation results for different structural parameters
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same diameter of inner cylinder but different expansion ra-
dios (Case 1, Case 2 and RC), the deposition rate, as shown
in Figure 13(a), is affected by inlet diameter through chang-
ing the inlet velocity. More molten slag particles would be
carried to membrane wall as a result of higher inlet velocity
due to the smaller inlet diameter. The Impact rate increases
with the increase of expansion ratio as shown in Figure
13(b). On the basis of the higher inlet velocity, it can be
deduced that particle would get a higher impacting tem-
perature with less time for cooling and it can be observed in
Figure 13(a). Due to the higher impact rate and impacting
temperature, Case 2 has largest deposition rate compared to
RC and Case 1 with a maximum rate 2.24X10*kg/(m?*-s),
amount to 7.17mm/d which is unacceptable for industrial
gasification system.

The diameter of inner cylinder also has influence on de-
position rate. Due to the smaller circulation zone as inner
cylinder diameter decreases, fewer particles are entrained to
the membrane wall under the effect of inlet jet as shown in
Figure 13(b). So Case 3 has a smaller impact rate than RC,
while Case 4 has a bigger one than RC. Deviate from the
effect of inlet diameter, the key factor affected by the inner
cylinder diameter is the impacting temperature of particles.
Positive correlation exists between the heat transfer area and
inner cylinder diameter. In addition, it takes less time to
reach the membrane wall for molten slag particles in Case
3 because of the small diameter inner cylinder. Hence, Case
3 has the highest impacting temperature, and the highest
deposit propensity. Combined the upper two factors, depo-
sition rate of Case 3 is larger than RC. There exists small re-
gion of the impacting temperature of Case 4 upper the criti-
cal deposit temperature 1;. Few particles in Case 4 deposit
on the membrane wall though the impact rate is larger. Due
to the higher impacting temperature, smaller inner cylinder
diameter leads to higher deposit propensity and higher de-
position rate.

Conclusions

An axisymmetric 2-D CFD-based numerical model has
been described, and validated for predicting the deposition
behavior of molten slag in RSC for the entrained-flow gas-
ifier. The deposition conditions for different operating con-
ditions and structural parameters were obtained by numeri-
cal simulation. The simulation results can be summarized as
follows:

1. The industrial-scale RSC is simulated using the CFD-
based model. In RC, some slag particles stick on the
membrane wall between the heights of 12.2-22.0 m with
the maximum deposition rate 1.5X10 °kg/(m?*s) at
the position of height about 16.8m, which equals to
0.48 mm/d.

2. The slag can hardly stick on the membrane wall when
the inlet temperature is 1,587 K. Simulation results in-
dicate that the sticking probability becomes higher as
the inlet temperature increase. For the inlet temperature
higher than 1,612K, the increase of it results in increase
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of deposition rates and widening of the deposition re-
gions. The increase of operating loads results in increase
of deposition rates and widening of the deposition re-
gions by increasing the average temperature and impact-
ing rate correspondingly.

3. More molten slag particles will stick on the membrane
wall due to the stronger inlet jet while the inlet diameter
becomes smaller. Combined with the higher impacting
temperature, smaller inlet diameter leads to higher de-
position rate. Due to the higher impacting temperature,
smaller inner cylinder diameter leads to higher deposit
propensity.
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Nomenclature

A, = surface area of the particle [m?]
Cp, = dragcoeflicient
G, = specific heat capacity of particle [Jkg 'K™!]
D,.« = droplet maximum spread diameter [m]
d, = diameter of the particle [m]
E¥ = excess rebound energy [—]
Ey = kinetic energy [J]
E, = surface energy [J]
F, = additional acceleration term [ms™?
Fp = drag force coefficient of the particle [Nskg™'m™]
hyh = convective heat-transfer coefficient [Jm2K™!]
k, = thermal conductivity of the particles [Wm™1K™!]
m, = mass of particle [kg]
m, = mass flow rate of the particles [kgs™']
Pe = Peclet number [—]
Re = relative Reynolds number [—]
s = thickness of solidified layer [m]
Ste = Stefan number [—]
t = temperature [°C]
T = temperature [K]
T, = temperature of gas [K]
T, = temperature of particle [K]
T, = temperature of membrane wall surface [K]
Uy = gas velocity [ms™]
u, = particle velocity [ms™]
U = impact velocity [ms™!]
w = work performed in deforming the droplet against

viscosity 171
We = Weber number [—]
x = spatial coordinate [m]
o = contact angle [deg]
AE, = loss of kinetic energy 71
& = surface emissivity [m™1]
y = molten slag surface tension [mN/m]
1 = Deposit propensity —1
u = molecular viscosity [kgm™'s7']
Ox = radiation temperature [K]
Pg = gas density [kgm ™3]
Pp = particle density [kgm™3]
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o = Stefan-Boltzmann constant 5.67X107% [Wm™2K™]
£ = Dimensionless maximum spread diameter [—]
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