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Abstract—The viscosity-temperature relation of slag determines its behavior inside an entrained flow coal gasifier.
However, existing prediction models give results with large variations among them. We investigated the influence of
different viscosity models in the prediction of the steady and transient behaviors of slag flow on the wall of a gasifier
undergoing gas temperature changes. Five viscosity models adopted showed differences in the temperature (T,s) at
25 Pa-s as large as 97 K for the selected slag composition, which was used as the interface temperature between the
solid and liquid slag. When the predicted viscosity and corresponding T,s, increased, the solid slag became thicker and
the dynamic response of the slag became slower. In contrast, the differences in the liquid slag thickness were small. The
influence of T, predicted was dominant, compared to that of different viscosity curves of the liquid slag.
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INTRODUCTION

In entrained coal gasifiers, the operating temperatures are typi-
cally well above the ash melting point, and a significant fraction of
the molten ash is deposited on the wall to form a slag layer [1].
The slag layer is intended to protect the refractory [2,3] and facili-
tate the ash discharge by gravity [4]. However, too thick a slag
layer may lead to blockage at the slag tap, which is a major opera-
tional problem. This can be caused by high slag viscosity, due to a
decrease in gas temperatures (e.g., because of the low calorific
value of coal) or by changes in ash composition. Because the slag
thickness and gas temperature are very difficult to measure directly,
it is crucial to control the coal quality and to monitor the operat-
ing conditions of the gasifier. For water-cooled gasifiers, the heat
transfer rate to the coolant on the wall and the syngas composi-
tion downstream are used to estimate the gas temperature and slag
thickness, despite the time delays and uncertainties associated with
the complexity of the phenomena.

With respect to the slag behavior, the most important property
is the viscosity-temperature relation [5], which is determined by a
complicated interaction and transformation of the ash components.
Further, the slag viscosity, which is very sensitive to temperature,
increases logarithmically with decreasing temperatures. When the
slag reaches a particular temperature during cooling, certain slags
begin to exhibit non-Newtonian fluid behavior and viscosity rises
sharply because of crystallized mineral formation [6]. This tem-
perature is referred to as the critical viscosity temperature (T,). T,
can be obtained through measurement, but it may be difficult to
determine depending on the slag types [7]. There are various T,
correlations based on slag composition and ash fusion tempera-
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tures for modeling and design evaluation [8], but the value at a vis-
cosity of 25 Pa-s is generally used [9]. In contrast, glassy slags with
high silica content have a continuous increase in viscosity without
T,, [7,10]. In slag flow modeling, the temperature (T,s) at 25 Pa-s
(250 poise) is considered as the interface value between the solid
(immobile) and liquid (mobile) slag layers [11-14].

In parallel with the experimental characterization of the slag
properties and phase transformation, several researchers have devel-
oped models to predict slag viscosity. Most models use semi-empiri-
cal correlations with coefficients calculated from the chemical com-
position of major minerals, assuming that the liquid slag is a New-
tonian fluid. These include the Urbain et al. [15], S2 correlation [16],
Watt and Fereday [17], Browning et al. [18], and Kalmanovitch and
Frank models [19]. These models have errors of about 30% for a
limited range of slag composition, which is comparable to the
experimental reliability [20]. However, their reliability is low out-
side that range. Further, the viscosity characteristics of the slag phase
at low temperatures are not reflected in those models [21]. Kon-
dratiev and Jak [22] modified the slag viscosity calculation method
to improve its accuracy in the low temperature region by calculat-
ing separately the homogeneous and heterogeneous slag viscosities.
Saxén [23] introduced an artificial neural network model using
slag viscosity data to investigate the interactions between variables,
obtaining better results than the conventional models in the low
viscosity region (0-6 Pa-s). Duchesne [6,24] improved the artificial
neural network model for viscosity prediction in wider ranges of
temperature and composition.

To understand the slag flow behavior on the gasifier wall, sev-
eral models or CFD-based simulations have been proposed. Ana-
lytical slag models, such as Seggiani [11,25] and Yong et al. [12,26],
estimate the slag thickness and heat transfer to the wall using alge-
braic equations acquired from the integration of the mass, momen-
tum, and enthalpy conservation equations for the liquid slag region.
In the models, the viscosity-temperature relation is assumed to have
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Fig. 1. Schematic of the modeling approach for the slag layer and geometry of the target gasifier.

the specific form of y=aTexp(b/T). Further, the temperature of the
liquid slag layer is assumed to have a linear [11] or cubic profile
[12] so that £(T) in the momentum equation becomes z(x) for
direct integration. On the other hand, Ye and Ryu [27] developed
a numerical model based on the discretization of the governing
equations, which does not require the assumption on the tempera-
ture profile and can adopt various viscosity models. It has been
recently expanded to a transient model in the authors’ previous
study [28], and the dynamic behavior of the slag layer has been
investigated. These models can be coupled with a one-dimensional
process model or computational fluid dynamic simulation for the
coal and gas regime as boundary condition for the wall [14,29-31].

As discussed, various viscosity models have been proposed in
the literature, and the predicted values for a particular slag often
exhibit significant variations among the models and from the meas-
ured data. Our aim was to evaluate how much the choice of a spe-
cific viscosity model influences the steady-state values and dynamic
behavior of the slag layer in the slag flow model. Among the vari-
ous viscosity models, five frequently used models were applied to
the transient slag model for an entrained flow coal gasifier simu-
lating the following gas temperature changes: 1) increase from
1,800 to 1,900 K, and 2) decrease from 1,800 to 1,700 K. The initial
and final steady-state results were characterized by the slag thick-
ness at the slag tap, total heat transfer rate to the coolant, and velocity
and temperature profiles in the slag layer. The dynamic behavior was
quantified by the characteristic times for change in the slag thickness
and heat transfer rate, and the differences were compared among
the viscosity models. In particular, the effects of different T, val-
ues predicted by the viscosity models were assessed in detail.
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TRANSIENT MODELING OF SLAG LAYER

1. Governing Equations and Numerical Method

The transient slag flow model was presented in detail in our
previous study [28]. Therefore, it is briefly summarized here. The
modeling approach for the slag layer on the wall of an entrained
gasifier is depicted in Fig. 1. The surface of the liquid slag is exposed
to heat transfer with the hot syngas (Qg;) and deposition of slag
(mg,), while the colder solid slag facing the wall has thermal con-
duction to the refractory and ultimately to the coolant (Qyc). For the
transient flow modeling, the slag layer is divided into control volumes
in the streamwise direction along the wall (index j), and in the per-
pendicular direction (index i), including the metal tube and refrac-
tory sections. The slag deposition on the liquid slag surface is treated
as the formation of a new control volume. The transformation be-
tween solid and liquid slag is considered using T, as the interface
temperature for changes in temperature during the transient period.

Table 1 lists the governing equations for the slag layer, which are
converted into discretized equations for the 2-dimensional control
volumes. The coupled linear system of variables was solved itera-
tively to determine the thickness, temperature, velocity, viscosity,
and heat transfer in each control volume. The model was pro-
grammed using Microsoft Excel with the Visual Basic application.
In the transient calculation, the steady-state solution for the initial
condition was established first. Subsequently;, the solution contin-
ued for each time step until it reached the final steady state, for
given changes in the operating conditions.
2. Simulation Conditions and Methods

The target in this study was the Prenflo gasifier at the Puertol-
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Table 1. Governing equations of mass, momentum, and energy conservation for the slag layer
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Variables/Terms

Equations

Mass conservation

dm

=my, mout+ mdep

dt
Momentum conservation dcft/l — M, Myt ( LA —u A’(cll D + pgsina-dV + M
i dH - dT dT
Energy conservation —H,,—H,+k —— kA, +Quet Qe+ Hdep
dt dt riar dr,
Slag layer cross-section area A,=27rAysina
Deposit slag enthalpy Haep=104,pC,(T gy = T,p)
Total heat transfer to the slag Qar=Asufhconl Toas— T + & O'(T;s - ijf)]

Total heat transfer to the wall

Quc= hcAc(TM - Tc)

lano IGCC plant in Spain, as illustrated in Fig. 1, which was used
in previous investigations on slag behavior [11,27,28]. Its cylindri-
cal body has a diameter of 3.72 m, with four coal burners on the
sidewall, and the syngas produced is transferred to the cooling sec-
tion through the exit at the top. In the lower part, the bottom cone
is narrowed to an angle of 12°, to turn the coal and gas flows upward
while collecting the liquid slag and discharging it through the slag
tap below.

Table 2 summarizes the initial operating conditions of the gas-

ifier and the slag composition, which were taken from previous
studies [28]. The gasifier was assumed to have a uniform gas tem-
perature (T,,) of 1,800K at the initial state. Subsequently, it was
subjected to an instantaneous increase to 1,900 K, or an instanta-
neous decrease to 1,700 K to analyze the slag behaviors influenced
by various viscosity models. The slag deposits on the wall main-
tained a uniform mass flux at a total of 5kg/s, while the deposi-
tion temperature was assumed to be 50 K below T, The density,
thermal conductivity, specific heat, and emissivity of the slag were

Table 2. Operating condition of the gasifier and slag properties prescribed in this study

Model parameter

Reference value/model

Gas temperature
Slag composition

Temperature

Mass rate

Density

Emissivity

Thermal conductivity

Slag deposition

Slag properties

Specific heat

Coolant (water) Convection coefficient

Temperature

1) 1,800 K (initial)—1,900 K

2) 1,800 K (initial)—1,700 K

Si0, 44.24%, CaO 24.27%, Al,O, 22.05%, Fe,0; 3.39%, SiO, 2.29%,
MgO 1.30%, TiO, 0.96%, K,O 0.52%, Na,O 0.22%, others 0.75%
Ty - 50K

5.0kg-s' (uniform mass flux)

2506.99 kg-m™

0.83

Liquid: 1.58 W-m "K'

Solid: 1.040+2.025x 10~ *T—0.246/T> W-m "K'

Liquid: 1.40 k] -kg "K'

Solid: 0.922+1.796x10 *T—0.218/T* kJ-kg "K'
1x10*W-m>.K"

523K

Table 3. Correlations of selected viscosity models and coefficients calculated using slag composition

Model Viscosity equation Coefficients Thso (K)
Urbain n=aTe """ a=1433x10"%, b=23.723 14554
Watt & Fereday log = 10" m m=0.418, c=—1.0421 1525.4
(T-150)"
. 2 —
S2 correlation log7=4.46 8( S ) 1o 65(10") 744 $=60.44 1541.6
100 T
Kalmanovitch & Frank n=aTe """ a=3.27x107'°, b=27.421 1547.9
Browning ( i ) 14788 T,=—69.7147 1552.0
1 =—""--10.931 :
og T-T T-T. 0.93
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Fig. 2. Slag viscosity vs. temperature predicted by the selected vis-
cosity models.

calculated using the respective models available in the literature
[32,33] for the elemental composition listed in Table 2. According
to Zhang et al. [34], the solid slag may have a porosity as high as
10%, which lowers the thermal conductivity by up to 5%. However,
it was not considered in this study because the changes in the ther-
mal conductivity have a minor impact on the slag thickness [35].
Table 3 presents the viscosity equation and coefficients calcu-
lated using the slag composition for five viscosity models, the Urbain
(Ur), S2 correlation (S2), Watt & Fereday (WF), Browning (Br),
and Kalmanovitch & Frank (KF) models. Fig. 2 plots the slag vis-
cosity predicted by the models. For each model, T,5, was deter-
mined for the viscosity of 25 Pa-s as the interface value between
the solid and liquid slag layers. The Ur model provides the lowest
viscosity with T,s, of 1,455.4 K, whereas the S2, KE and Br mod-
els predict similar values with T,5, ranging between 1,541.6 and
1,552.0 K. The KF model gives a T,5, of 1,547.9 K, but the viscosity in
the liquid slag regime decreases slower than in the other models,
and it becomes the highest above 1,580 K. In contrast, the WF model
has a T, of 1,525.4 K, dlose to that of the S2 model, but decreases
rapidly at higher temperatures, thus approaching the values of the
Ur model. Such differences in T,5, and the viscosity-temperature
relation for the liquid slag would influence the steady state and tran-
sient behavior of the slag layers, which are the focus of this study.

RESULTS AND DISCUSSION

1. Dynamic Response of the Slag Layer and Heat Transfer to
the Wall

In this section, the steady-state results and dynamic responses
of the slag layer to the increase in T, from 1,800 to 1,900 K are
explained using the KF model as the reference case. Fig. 3 shows
the change in slag thickness caused by the increase in T, and the
temperature distribution at the final steady state. The slag tempera-
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Fig. 3. Change in slag thickness and temperature contour at the final
steady state by increase in T, for KF model.

ture increases gradually between the water-cooled wall and the hot
syngas. Near the surface facing the syngas, the liquid slag (above
T, of 1,547.9K) flows downward due to gravity. This layer also
acts as a thermal resistance against heat transfer to the solid slag
and the wall. With continuous deposition of new slag from the gas
regime, the liquid slag gradually becomes thicker toward the slag
tap at the bottom. At the same time, this increases the solid slag
thickness. At the bottom cone (y<0.3 m), the slag layer rapidly be-
comes very thick because of the sudden change in wall angle, and
the corresponding decrease in gravity.

When T, increases from 1,800 to 1,900 K, the increase in the
slag temperature moves the liquid-solid interface at Ty, closer to
the wall, and part of the solid slag facing the liquid slag gradually
turns into a liquid, flowing down. At the same time, the viscosity
of the liquid slag becomes lower, causing a velocity increase. As a
result, both the liquid and solid slag layers become thinner. Such
changes occur faster in the upper part of the gasifier, whereas those
in the bottom cone are slower because of the existing thick slag
layer and the increased downward flow of liquid slag. Despite the
differences in the response rate along the streamwise direction,
further analysis of the slag layer thickness hereafter will be focused
at the slag tap (y=0), which is the point of interest for prevention
of blockage.

Fig. 4 shows the changes in the wall heat flux and surface tem-
perature (T,,,) of the liquid slag. The response of T, to the increase
in T, is almost immediate, increasing from 1,770 K at the slag tap
at the initial steady state to 1,860 K at t=2 min. The change in T,,,;
becomes very small thereafter. In contrast, the heat flux exhibits a
gradual increase, because the increase in slag temperature is rapid
only near the liquid slag surface at the early stages, which makes
the temperature profile deviate from the linear relationship [28].
Therefore, the temperature gradient in the outer solid slag requires
a longer time to increase. This is accompanied by the gradual



Effect of slag viscosity model on transient simulations of wall slag flow in an entrained coal gasifier

?_
6_
)
E 51
B
6 4-
-C L)
&
= 31 !
©
o
2 { —0—t=0min
—o— t=2min 1
11 O— t=4 min
—0— t=8min O
—&— t =40 min
0 : :
1600 1700 1800

Surface temperature (K)

(a)

1800

Fig. 4. Changes in (a) the surface temperature of the liquid slag and (b) the wall heat flux by increase in T, for KF model.

2000 16
—0— Urbain
—— Watt & Fereday
—{— S2 correlation
1| —¢— Kalmanovitch & Frank
1700 —&— Browning
12
< ( s
1400 J o
g Temperature 8
© 8=
@ [¢]
[= %
£ 1100 1 =
@ .
= N
4
800 -
500 0

0 15 30
Distance from wall (mm)

Fig. 5. Profiles of slag temperature and velocity at the slag tap at the
initial state for different viscosity models.

transformation of solid slag to liquid, reducing the slag thickness.
2. Influence of Slag Viscosity Model: Initial Steady State

Fig. 5 compares the temperature and velocity profiles of the slag
layer at the slag tap for the initial steady state (t=0 min) as predicted
by the different viscosity models. The slag thickness differs signifi-
cantly among the models, ranging between 56.3 mm (Ur model)
and 84.1 mm (Br model). With the two boundary temperatures
(T,.r and T,) similar in the models, the temperature gradient var-
ies correspondingly. The Ur model gives the smallest slag thick-
ness, and predicts the lowest slag viscosity and T, as shown in
Fig. 2. In contrast, the result of the Br model has the largest slag
thickness, closely followed by that of the KF model. This also is in
agreement with the viscosity-temperature curves in Fig, 2.

In the velocity profiles of the liquid slag, also plotted in Fig. 5,
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the surface values are about 8 cm/s because of the higher tempera-
tures and corresponding decreases in viscosity. Although the dif-
ference is small, the KF model results in the lowest surface velocity,
whereas the Ur and WF models give larger values. This corre-
sponds well with the viscosity predicted at T, (~1,750 K) shown
in Fig. 2. Overall, the velocity profiles are similar between the
models because the flow rate of liquid slag is identical (equal to the
total deposition rate of 5 kg/s). For the same reason, the liquid slag
thickness also becomes similar between models.

To analyze the influence of T, the slag thickness at the slag tap
(0.,») and total heat transfer rate to the coolant (Q,c) are plotted
for the T,s, predicted by the models in Fig. 6. A higher T, leads
to thicker solid slag and lower Q. Note that the solid slag thick-
ness is inversely proportional to the heat flux (q~( Tys5p-T,,1)/5%). In

Korean J. Chem. Eng.(Vol. 35, No. 5)
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Fig. 7. History of slag thickness at the slag tap and heat transfer
rate to the coolant by increase in T, from 1,800 to 1,900 K.

contrast, the liquid slag has similar thicknesses as mentioned pre-
viously. It is noticeable that the KF model gives a slightly larger
slag thickness than that of the Br model. The reason is that the vis-
cosity of the KF model is larger than that of the Br model at higher
temperatures (Fig. 2), which lowers the surface velocity (Fig, 5).

3. Influence of Slag Viscosity Model: Dynamic Behavior for
Increase in T,

Fig. 7 shows the dynamic behavior of the slag layer in terms of
the slag thickness and total Q, for the increase in T, to 1,900 K.
The trends are similar between the viscosity models, although the
initial and final values are different. For the first few minutes, the
slag layer becomes thicker by the phase change within part of solid
slag into liquid, which results in an increase in the liquid flow rate
at the slag tap. Then, &, gradually stabilizes to a new steady state.
In contrast, Q. integrated for the entire wall undergoes a rapid
increase in the initial stage by the increase in T, and thinning of
the slag layer, except for the lower part of the gasifier. It also stabi-
lizes faster than ¢,

To express quantitatively the dynamic responses between the
models, the respective characteristic times are calculated for 63.2%
change in &, (z) and for the total Q. (7y), as listed in Table 3.
The trends are consistent between the viscosity models, but the
models with higher T,s, values lead to larger characteristic times
(ie., slower changes), and larger changes in &,,,and Q. For exam-
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Fig. 8. Changes in the slag thickness and characteristic times vs.
T, for increase in T, from 1,800 to 1,900 K.

ple, 75 of Br model (10.35 min) is 2 min longer than that of the Ur
model (832 min). The reasons for the slower changes are i) the
solid slag is initially thicker, as shown in Fig. 6 (the change by the
increase in T, is initially limited to the liquid surface region and
then it slowly penetrates deeper into the inner slag layer [28]), and
ii) the viscosity is larger so that the liquid slag flow becomes slower.
7, is approximately 4 min shorter than 75 which suggests that the
heat absorption by the coolant could be an indicator for the gas-
ifier temperature and slag thickness, preceding the change in &,
4. Effect of Different T,5, Values

In the results obtained thus far, the viscosity models effect the
slag behavior by the differences in T, and viscosity curves in the
liquid slag regime. To clarify the contribution of these two factors,
the viscosity curve and the corresponding T,s, were shifted for the
KF model and the simulations were repeated. The shift in viscos-
ity was achieved by adding a constant ¢ in the term for tempera-
ture, as follows.

U:a(T— c)elooob/(ch)

Considering that T,s, of the five viscosity models ranges between
1,455 and 1,552 K, the constant c in the above equation varied from
—100 to 25K, so that the resultant T,;, values ranged between
1,447.9 and 1,572.9 K. The viscosity curves were also shifted by the
constant, maintaining the same slopes of the liquid slag regime in

Table 4. Summary of dynamic behaviors predicted using different viscosity models for increase in T,,, from 1,800 to 1,900 K

Viscosity model Tys (K) Relative change (%) in &, 75 (min) Relative change (%) in Qyc 7, (min)
Urbain 1455.4 -23.7 8.32 32.8 443
Watt & Fereday 15254 -289 10.29 439 6.13
S2 correlation 1541.6 -29.9 10.17 46.8 6.63
Kalmanovitch & Frank 1547.9 -29.3 10.02 46.7 6.81
Browning 1552.0 -30.8 10.35 50.0 6.81

May, 2018
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Fig. 2 for the KF model.

Fig. 8 compares the key results between the five viscosity mod-
els (symbols) and KF model with the temperature shifts (dotted
line) for the increase in Ty, The results using the KF model with
the temperature shifts are very close to the values from the viscos-
ity models, confirming that Ths, is the dominant factor. The devia-
tions between the two methods are attributable to the different
viscosity curves in the liquid slag regime, which are small.

Shown in Fig. 9 are the results for the decrease in Ty, from
1,800 to 1,700 K. &, becomes thicker by the corresponding increase
in the slag viscosity, in which the viscosity models with higher T,
predict much thicker &, and slower changes to the final steady
state. For example, the Ur model predicts the final value of &, to
increase by 30.8% (from 56.8 mm to 82.1 mm), and the Br model
to increase by 42.8% (from 84.9 mm to 148.3 mm). 7 is also 24.5
min larger in the Br model. Therefore, the effect of the viscosity
model becomes more significant when T, decreases and the effect
of Ty is still dominant over the different viscosity curves in the
liquid slag regime. On the other hand, 7, is about 11 min or lower,
which is much smaller than z; because 7, refers to the entire wall,
which has fast response by the increase in slag thickness and ther-
mal resistance to heat transfer. In contrast, ¢,,, is at the slag tap,
which requires longer time for the slag above to settle down to the
new steady state, including the transformation of the inner liquid
slag to solid. Such difference in 7, and 7; gives emphasis to the
importance of monitoring the wall heat transfer rate.

CONCLUSIONS

We investigated the influence of various slag viscosity models
on the prediction of the steady and transient behaviors of the slag
flow on the wall of an entrained flow coal gasifier, undergoing a
gas temperature increase from 1,800 to 1,900 K. The viscosity mod-
els evaluated were the Kalmanovitch and Frank, Urbain, Watt and

Fereday, S2 correlation, and Browning models, all of which are
based on the ash composition. The key findings are as follows.

- The five viscosity models had significant variations among
them in Ths, (at 25 Pa-s), as large as 97 K for the selected slag com-
position, which emphasizes the importance of determining the
viscosity-temperature correlation by measurement.

- When the predicted slag viscosity and T, increased, the solid
slag formed between the cold refractory and liquid slag became
thicker. This also slowed down the dynamic response of the slag,
increasing the characteristic time required for the slag thickness
and heat transfer rate to the wall to reach a new steady state by gas
temperature change.

- In contrast, the differences in the liquid slag thickness were
small, because the down flow of liquid slag was concentrated in
the narrow region near the surface facing the hot gas regime.

- The effect of T,s, predicted by the models was dominant, com-
pared to the viscosity-temperature relation in the liquid slag regime.

- The influence of the viscosity model was more significant
when the gas temperature decreased.

Although we focused on identifying the influence of the viscos-
ity models, the results can also be interpreted as the effect of slag
composition, which leads to different viscosity curves and T,s, val-
ues. Additionally, we only considered the response in the slag flow
by assuming uniform and fixed gas temperature distribution, with-
out taking the interaction between the two regimes into account.
Further studies are required to develop a process model for the gas-
ifier with the slag flow model coupled as the boundary condition.
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SYMBOLS

: coefficient

: coefficient

: specific heat of the slag [J-kg K ']

: gravity [9.81 m/s’]

:enthalpy []/s]

: convection coefficient [W-m K]
: thermal conductivity [W-m K ']
:momentum [kg-m-s ]

: mass flow rate [kg-s ']

:heat transfer rate [W]

: radius perpendicular to the wall [m]
: temperature [K]

:volume [m’]

: streamwise velocity [m-s ]

: height of control volume parallel to the wall [m)]

\[<>< <H" 08B ZW‘U‘E(‘NQO"N

Greek Letters
a  :angle from the horizontal plane [°]
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o0 :thickness of slag layer [m]
g : emissivity

M :viscosity [Pa-s]

p  :density [kgm™]

o :Stefan-Boltzmann constant
Subscripts

C  :coolant (water)

cv  :critical viscosity

dep :depositing slag

gas  :gas

GL  :from gas to liquid slag
I : innermost control volume facing the gas

i : index for a control volume within a section of slag layer

in :inflow

j : index for a section of slag layer in the streamwise direction
L :liquidslag

M :metal tube

MC :from metal tube to coolant

out :outflow to the section below

ref  :reference temperature

S :solid slag

surf :liquid slag surface facing syngas

tap :at the slag tap

wall :entire gasifier wall
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