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A B S T R A C T

In an entrained flow coal gasifier, the slag viscosity property is of great importance to the slagging process. The
slag viscosity is affected by the crystal mineral and the crystallization process has a time effect. The molten slag
residence time in gasifier was calculated by slag flow model to estimate the isothermal time or crystal growth
time during the cooling process. The residence times of tracer slag unit were calculated by the slag velocity. The
residence time distribution (RTD) curve was obtained and the mean residence time was about 100–500 s in this
study. Moreover, the molten slag mean residence time decreases significantly with increasing ash contents in
coal, decreases slightly with increasing operating temperatures, and increases with increasing slag critical
viscosities and temperatures. In addition, a plug flow reactor (PFR) series a similar laminar flow tubular reactor
model was used to analysis the RTD curves of molten slag with different operating conditions.

1. Introduction

The entrained flow gasification is considered as a promising tech-
nology in coal conversion and widely used in industries of chemical and
energy [1]. During the coal gasification, most of coal particles and fly
ashes deposit on the wall, form slag layer which can protect the metal
materials from the high temperature corrosion [2]. The molten slag
flow down along the wall to the gasifier chamber outlet [3]. Therefore,
the slag properties are crucial to the stable operation of gasifier due to
the blocking slag and wall erosion problem [4].

The coal slag properties mainly include slag flowability, rheology,
fusibility, and viscosity-temperature characteristics. The slag viscosity
can be measured by the high-temperature rotational viscometer, and
also can be predicted by different viscosity models [5–10]. The re-
searchers found that the main factors which affected slag viscosity were
temperature and the crystal minerals [11–13]. Kim and Oh [11] studied
the formation of a crystalline phase and found it affected the slag
viscosity in a Texaco gasifier. Moreover, the slag phase transition pro-
cess was also closely related to crystal growth [14,15]. Yuan et al. [16]
found that the liquid slag viscosity increased drastically when the
crystalline phase accounted for 15.15–33.82%. Thus the crystallization
characteristics of coal slag are of important to the slag viscosity and
phase transition. Shen et al. [17,18] studied the crystallization behavior

of coal slag during isothermal molten process in high-temperature stage
microscopy, and found that the crystal size in molten slag first increased
and then remained unchanged with increasing isothermal time. Xuan
et al. [19–21] found that the crystallization ratio rate was high in the
low temperature region, but in the high temperature region it was slow
and required some incubation time to complete the process. Bai et al.
[22] found that the residence time of coal ash at high-temperature had
significant influence on the coal ash composition while little affected
the amount of unburned carbon. During the cooling process of molten
slag, the Temperature Time Transformation (TTT) diagram of slag was
frequently used to study the slag properties, and the results were often
related to time [23–26]. The above study indicated that the isothermal
time during the cooling process had significant effect on the slag phase
transition and the crystallization process. In a gasifier, the isothermal
time during the cooling process corresponding to the residence time of
molten slag on the wall. Therefore, understanding the residence time of
molten slag on the wall has great meanings.

Understanding the slag flow properties is a prerequisite for study the
residence time of molten slag. Experiment study for slag flow on the
wall in an industrial gasifier is difficult due to the high temperature and
pressure environment [27]. Hosseini and Gupta [28] used a vertical
drop-tube furnace to study the ash deposition and slag formation with
the effect of operating conditions and particle trajectory. Liang et al.
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[29] studied the slag deposition and heat flux in a pulverized coal en-
trained flow gasifier with the combination of pilot trial results and
model method. The slag flow behavior in gasifier was mainly obtained
by the simulation and modeling method. Seggiani [30] had built a
simplified model to study the time varying slag flow and heat transfer in
a Prenflo entrained flow gasifier, which was widely used in many stu-
dies [31,32]. The author assumed that the temperature profile in liquid
slag was linear, and defined the temperature of critical viscosity (Tcv) as
the transition temperature of liquid and solid slag layers. Thus the
analytic equations of slag velocity and flow rate were obtained by the
three conservation equation. Ye and Ryu [33,34] built a slag flow
model with discretization to predict the thickness, velocity and tem-
perature of the slag layer, the deposited slag was considered as a new
control cell which attached to the original cell during the model con-
struction. The model proposed by Yong et al. [35,36] was used in solid
fuel gasification and combustion, in which the temperature profile of
liquid was modified as cubic polynomial instead of linear. Furthermore
the shear stress at the slag surface was considered in the momentum
conservation equation. Zhang et al. [32] studied the slag flow and heat
transfer properties with the effect of bubbles inside slag, and found it
closer to industrial results after modified by the bubbles.

The modified model was based on Seggiani’s [30] work to study the
slag velocity and residence time distribution with modeling analyzed
method in an entrained flow gasifier. From the results, the liquid slag
velocity and residence time in different axial position was obtained. The
molten slag residence time distribution (RTD) function and the RTD
density function were also obtained during the model calculation. In
addition, different operating conditions were used to study the molten
slag RTD curves and mean residence times.

2. Model description

2.1. Slag flow models and governing equations

The slag flow model was established according to the method pro-
posed by Seggiani [30]. The solid slag layer thickness is far less than the
wall height, thus the liquid slag layer is considered as the vertical
downward flow in a smooth vertical surface. Fig. 1 shows the schematic
diagram cross section of liquid slag layer along the solid slag layer in an

entrained flow gasifier. The Reynolds number of liquid slag can be
calculated as follows:

=Re
ρuL
μl (1)

where Re is the Reynolds number of liquid slag, ρ is the liquid slag
density, u is the liquid slag velocity, μl is the liquid slag viscosity, L is
the characteristic length. In this study, the liquid slag density is
2830 kg/m3, the characteristic length is the wall height, which is 7m.
According to the previous studies [32], the fastest velocity of liquid slag
is less than 5 cm/s, and the smallest viscosity of liquid slag is more than
0.5 Pa s. Therefore, the largest Reynolds number of liquid slag is less
than 2000. Based on the Reynolds number, the liquid slag is considered
as laminar flow. As shown in Fig. 1, the planar space of the liquid slag is

Nomenclature

a model parameter
c slag specific heat capacity
D gasifier diameter (m)
g gravitational constant (m/s2)
h height of slag cell (m)
H slag cell position from the bottom of gasifier (m)
L characteristic length (m)
mex vertical outlet slag mass flow rate per unit (kg/s)
min mass flow of particle deposition per unit (kg/s)
qin heat flux to the slag surface (W/m2)
qout heat flux from the slag to the refractory layer (W/m2)
Re Reynolds number
n model parameter
t the overall flow time (s)
tmin minimum residence time (s)
tres the residence time (s)
T0 temperature of slag interface (K)
Tcv temperature of critical viscosity (K)
Tg gas temperature near wall (K)
u slag velocity at distance x from slag-gas interface (m/s)
x the distance from the slag-gas interface (m)
y the distance from the gasifier top (m)

Greek letters

δl thickness of liquid slag layer (m)
ε emissivity
θ slant angle of the wall (°)
μl liquid slag viscosity (Pa s)
ρ slag density (kg/m3)
σ blackbody radiation coefficient (W/m2 K4)
τ the mean residence time of molten slag
τ0 the correction time (s)
τl the mean residence time of laminar flow reactor (s)
τp the residence time of PFR (s)

Subscript

0 slag surface or x=0
cv critical viscosity
ex out of the slag unit
f slag flow
i slag unit at horizontal direction
j slag unit at vertical direction
in inflow to the slag
l liquid slag
res residence time

Fig. 1. Schematic diagram cross section of liquid slag layer.
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