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Abstract

The high-temperature rheology of bituminous coal slag in the reducing atmosphere was investigated in this study.
The characteristics of slag sample were analyzed by multi-techniques. The rheological measurement of the slag
was carried out by a high-temperature rheometer at temperatures of 1360-1460°C. The effects of the shear rate and
temperature on the rheological property of the slag were studied. The volume fractions of crystallize particles and
mineral matters variation were predicted by thermodynamic software FactSage. The results show that the viscosity
and shear stress of the slag increase with decreasing temperature at the constant shear rate. When the volume fraction
of the crystallize particles is less than 10%, the slag behaves as a Newtonian fluid. When the volume fraction of the
crystallize particles is more than 15%, the slag viscosity decreases with increasing shear rate. The non-Newtonian
fluid behavior of slag is illustrated by shear thinning behavior and thixotropic behavior. With decreasing temperature,
the shear thinning behavior becomes increasingly significant. In addition, the viscosity prediction model basing on S2

model and Einstein-Roscoe model was established.

Keywords: Rheology of slag; Viscosity; Reducing atmosphere;
FactSage; Gasification

Introduction

Coal gasification is an important coal conversion technology
which has been commercially used to produce fuels and chemicals
[1]. Among various types of gasifiers, the developments of entrained-
flow gasification for employing slagging technology to produce
the syngas have been driven by a demand for higher efficiency and
lower greenhouse gas emissions [2,3]. In the entrained-flow gasifier,
pulverized coal is gasified and its mineral matters are converted into
ash. Then the ash melts and forms a slag layer which flows to the bottom
along the inner wall because of gravity and then out of the gasifier [4-7].
In general, the accepted viscosity for successful slagging of the gasifier
is typically less than 25 Pa-s [8]. In order to successful slagging, the
operation temperature must be higher than the temperature when the
viscosity is 25 Pa-s. In addition, the suitable operation temperature
can reduce oxygen and feedstock consumptions, extend refractory
life and reduce costs, which is beneficial to yield product efficiently
[9]. However, determination of the operational condition is not only
closely related to the slagging viscosity but also to the rheology of slag,
because the characters of rheology can be used to predict the change
of viscosity. Therefore, a good understanding of the slag rheology is
essential to determine the operation temperature and thus enable stable
long-term operation of entrained-flow gasifier. At high temperature,
the slag contains large amounts of molten phases and it can be regarded
as Newtonian fluid. With decreasing of the temperature, the slag is
cooled and the crystallized particles form. Thus, the fluid is comprised
of a mix of solid phase and liquid phase and behaves non-Newtonian
characteristics [10].

Numerous studies on the slag viscosity have been reported [11-
14]. Wall et al. [15] used a thermomechanical analysis apparatus
to measure slag viscosity at high temperatures. Nowok et al. [16,17]
investigated the effects of atmosphere and local structure of a lignitic
coal slag on viscosity. Schobert et al. [18,19] reported the fluidity of slag
under different atmospheres and flow properties of laboratory ash in
a reducing atmosphere. However, little work has been investigated on
the rheology of slag, except the studies reported by Tomukayakul et al.

[20] and Song et al. [21]. Tomukayakul et al. [20] discussed the effect
of shear rate on the shear stress and apparent viscosity of laboratory
ashes at different temperatures. Song et al. [21] investigated the
rheological properties of Texaco gasifier slag in oxidizing atmosphere.
But the reducing atmosphere which fills in the actual operation of
the entrained-flow gasifier has not been studied. Due to the complex
procedure and more time consumption of the viscosity test, models
on viscosity estimation have been set up and widely used, such as the
§?%, Watt-Fereday, Shaw, Urbain, modified Urbain, Riboud, Streeter,
Kalmanovitch-Frank and Nicholls-Reid models [10]. Hence, it is
necessary to study the rheology and viscosity prediction of slag in
reducing atmosphere.

In this study, the rheology of slag prepared in laboratory was
measured under reducing atmosphere with 60% volume CO and 40%
volume CO, to simulate the industrial environment in the gasifier. The
chemical composition, mineral analysis, and microstructure of slag
were carried out by X-ray fluorescence (XRF), X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The rheological behavior and
thixotropic behavior of slag at different temperatures were investigated
by high-temperature rheometer. The thermodynamic software FactSage
was used to calculate the volume fraction of crystalline particles in
the slag and the mineral matters content variation with the change
of temperature. Moreover, the fluid models at different temperatures
were established and the viscosity of slag was predicted.
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Experimental
Slag preparation

In this work, the representative Chinese bituminous coal, Yulin
coal, was chosen. Yulin coal is widely used in the coal gasification. Yulin
coal was processed in a muffle furnace at 815°C for 1 hour according
to the Chinese standard GB/T212-2008. Then the coal ash was fused in
high temperature furnace to get the slag sample. The slag was milled to
a particle size about 50 pm for XRF and XRD analysis.

The characterization of slag

The composition of slag was measured by X-ray fluorescence
spectrometer. The mineral constituent of slag was analyzed by X-ray
diffractometer. The microstructure of slag was determined by scanning
electron microscope.

Measurement of rheology and viscosity

Experimental apparatus: The high-temperature rotational
viscometer was employed for rheology and viscosity measurement
in this study. The schematic diagram of high-temperature rotational
viscometer is shown schematically in Figure 1. The rotating concentric
cylinder principle was used in the measuring system. The rotating
bob rheometer was a Brookfield programmable rheometer with a
measuring head. The spindle immersed in the molten sample was
driven by a spring in the rheometer. Then the viscosity of sample against
spindle was measured by spring distortion. The spring distortion was
converted into an electrical signal by a rotary transducer. The sample
in a vertical furnace was heated to the required temperature. The
furnace temperature was controlled by programmable software and the
experimental data were recorded by a computer. To simulate the actual
conditions in the gasifier, the mixture of CO, and CO with volume
ratio 4/6 was injected into the system.

The bob was calibrated by Brookfield standard oil at room
temperature in the range of actual rotation rates and at high-
temperature with a standard borosilicate glass which was used as
reference material for high-temperature viscosity measurements. The
mean measured deviation of the viscosity determined in experiment
was no more than 4%.

Viscosity measurement: The slag was put into the crucible fixed
by a pedestal in the furnace. The reducing atmosphere was provided by
the mixture of CO, and CO. To control the steady furnace temperature,
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Figure 1: Schematic diagram of high-temperature rotary viscometer.

the heating rate was 10°C/min below 1200°C and 4°C/min above
1200°C. The viscosity measurements were started at the fully molten
temperature until the slag viscosity exceeded 150 Pa-s. Besides, the
rotational speed and viscosity were recorded automatically.

Rheology measurement: The rheological characteristics of the
slag, represented by the relationship between shear stress and shear
rate were determined by the high-temperature rheometer. The specific
procedure was as following. The slag was firstly loaded into crucible,
and then heated to the test temperature at which heating continued
for at least 1 hr to ensure that the whole slag sample achieved a state
of thermal equilibrium. The spindle was put into the molten liquid
slag. Test was conducted by rotating the spindle at a low speed and
the torque acting on the spindle was measured. The rotational speed
was increased in steps from the minimum value to the maximum value
and then decreased in steps from the maximum value to the minimum
value. During the process, the rotational speed and the torque response
at each constant speed was recorded.

FactSage simulation

In this study, the liquidus temperature, proportions of solids, and
mineral formation for the multi-component system (SiO,-Al,0,-CaO-
Fe,0,-MgO-TiO,-Na,0-K,0) were calculated by the thermodynamic
software FactSage [22]. The calculation results between 1000°Cand
1600°C under reducing atmosphere at 1 atm pressure are obtained.
The calculation principle of FactSage is based on Gibbs’ energy
minimization at a given temperature and compositional range.

Results and Discussion

Slag sample characteristic

Chemical composition of the slag: The composition of slag
determined by XRF is shown in Table 1. The content of basic oxides
(CaO+Fe,0,+MgO+Na, 0+K,0) is above 68%, which is attributed to
the higher liquid’s temperature.

Mineral constituent of the slag: The X-ray diffractograms of the
slag and the coal ash are shown in Figure 2. It can be seen that the
mineral matters of slag are different from those of the coal ash. The
mineral matters of the coal ash are mainly anhydrite, quartz, hematite,
calcite and lime. The mineral matter peaks of coal ash are obvious and
the diffraction intensity is strong with the range of 2000-7000 CPS.
However, the mineral matter peaks of slag are not obvious and the
diffraction intensity is weak with the range of 50-100 CPS. It shows that
the slag has minor mineral matter and behaves mainly an amorphous
character. Thus, the slag is fully molten during the preparation. This
behavior is similar to the behavior of the actual slag in industry.

Microstructure of the slag: The SEM pictures of coal ash and the
slag are shown in Figure 3. It can be seen that the surface of the slag is
distinct from that of the coal ash. The surface of the coal ash is coarse
and there are lots of crystalline particles. However, the surface of the
slag is more smooth and there is little crystalline particle. It reveals that
the slag is molten during the preparation, which is consistent with the
XRD results.

Viscosity of the slag

The optimal viscosity for successful slagging of the entrained-
flow gasifier is 15 Pa-s, and especially less than 25 Pa-s at the tapping
temperature [8]. Figure 4 shows the slag viscosity variation with the
change of temperature. It can be seen from Figure 4 that the viscosity
is lower than 5 Pa-s when the temperature is higher than 1380°C and
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Ash chemical composition SiO, ALO, Fe,O, CaO MgO Na,O K,0 SO, TiO, Others
Wti% 27.80 13.49 15.19 27.10 2.49 1.36 0.42 10.04 0.50 1.61

Table 1: Ash chemical composition of Yulin slag.

the viscosity increases dramatically at the temperature of critical
viscosity (T_) 1340°C. In other words, tapping temperature must be
above 1340°C to ensure that the slag flows smoothly under the force of
gravity. Thus, the temperature range of rheology experiment is chosen
from 1360°C to 1460°C.

Rheology of the slag

Effect of shear rate on shear stress: The shear stress of slag as a
function of shear rate at different temperatures is shown in Figure
5. From Figure 6, it is apparent that the linear relationship between
shear stress and shear rate is found in the range of 1380-1460°C and the
nonlinear relationship between shear stress and shear rate is observed
in the range of 1360-1370°C. It indicates that the fluid shows the
Newtonian behavior at the temperature of 1380-1460°C, while the fluid
displays non-Newtonian behavior at the temperature of 1360-1370°C.
These results agree well with the discussions represented by Figure 5.

Effect of shear rate on viscosity: The rheology experiments of the
slag were carried out in a reducing atmosphere with the temperature
range of 1360°C-1460°C. Figure 5 shows the viscosity as a function of
shear rate and temperature. As illustrated in Figure 5(a), the viscosity
of slag is basically constant at the shear rate of 5-50s and a small
deviation from the constant occurs at the shear rate of 0-5s" when
the temperature is in the range of 1380°C-1460°C. As a result of the
crystalline particles disorder direction at low shear rate, the viscosity
tends to keep constant at higher shear rate. Therefore, the viscosity
of slag can be regarded as basically constant at the whole shear rate
range, which shows that the slag behaves as Newtonian fluid. It can
also be seen from Figure 5(b) that the viscosity decreases dramatically
with increasing shear rate when the temperature decreases to 1370°C
and 1360°C. For example, the viscosity of slag is about 30 Pa-s at the
257! shear rate and it is about 10 Pa-s at the 20s” shear rate when the
temperature is 1360°C. This behavior is called "shear thinning" and it
usually occurs in particulate suspensions and polymer melts [23]. The
behavior attributes to the occurrence of crystalline particles in the slag
with the decreasing temperature. The increase of shear rate leads to the
crystalline particles parallel to the flow direction and thus resulting in
the viscosity decreases [24].

In addition, the viscosity decreases with increasing temperature at
any constant shear rate. It is apparent that the viscosity of slag is 15 Pa-s
at the 10s™ shear rate when the temperature is 1360°C. The viscosity of
slag decreases to 0.3 Pa-s at the 10s™ shear rate when the temperature
is 1460°C.

Fluid models and mineral variation at different temperatures:
The flow types are evaluated for the study on the rheological properties
of fluid. The main classifications of fluids are the time-independent
fluids and time-dependent fluids. The time-independent fluid that is
undergone a stress for a period of time behaves the same viscosity while
the time-dependent fluid shows the different viscosity. Most slag is
time-dependent fluid and this behavior directly relates to the rheology.
The classical fluid models presenting the relationship between shear
stress and shear rate are as follows [10]:

Newtonian model: © = #¥ (1)

Casson model: o = o, +17," (2)

7000

—~
o0
=~

s000 -
swo| A
am|
3000

2000

Diffraction intensity/CPS

G

100

80 -

20

Diftraction intensity/CPS

h

70

f=1

M MM Al

0 10 20

bl i

50 6

il

20/

Figure 2: XRD pattern of the coal ash (a) and the slag (b). A: Anhydrite-
CaSO,; Q: Quartz-SiO,; H: Hematite-Fe,O,; C: Calcite-CaCO,; L: Lime-CaO.

Hersehel-Bulkley model: o = o, +7,7" (3)

As shown in Table 2, the relationships of the shear stress and shear
rate at different temperatures are fitted. The correlation coefficients in
Table 2 are above 0.95, which indicates that the fitted values agree well
with the experimental values.

As shown in Figure 7, the relative minerals content and the
solid/liquid-phase relative content as a function of temperature is
calculated by FactSage, where the dash line is the volume fraction of
crystalline particles expressed by ¢. It can be seen from Figure 7 that
the proportion of liquid-phase in the slag decreases and the minerals
increase as the temperature decreases. When the temperature is lower
than 1380°C, the proportion of solid-phase and the volume fraction
of crystalline particles increase rapidly as the temperature decreases.
The volume fraction of crystalline particles increases from 18% to 40%
when the temperature decreases from 1360°C to 1300°C. However,
the volume fraction of crystalline particles is lower than 10% and the
proportion of solid-phase increases slowly as temperature decreases
when the temperature is higher than 1380°C. It can be seen that the
volume fraction of crystalline particles increases from 5% to 9.7% when
the temperature decreases from 1460°Cto 1380°C. It is the reason why
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Figure 6: The shear stress of slag as a function of shear rate and temperature.

Table 2: Models for the description of fluid behavior at different temperatures.

J Chem Eng Process Technol

ISSN: 2157-7048 JCEPT, an open access journal Volume 6 « Issue 4 « 1000243



Citation: Zhao F, Xu J, Huo W, Wang F, Yu G (2015) Rheology and Viscosity Prediction of Bituminous Coal Slag in Reducing Atmosphere. J Chem

Eng Process Technol 6: 243. doi:10.4172/2157-7048.1000243

Page 5 of 8
the slag viscosity increases rapidly as temperature decreases at lower
temperatures, but increases slowly as temperature decreases at higher R
temperatures. by
3.Watt-Fereday

Thixotropy of slag: The thixotropy property of the slag refers to 4.Urbain
the behavior that the viscosity continues to decrease for a period of 4+ gtl}iﬁf:fg’“m melts)
time under constant shear rate, and displays recovery gradually after 7 Streeter
the shear stress is canceled [25]. For a slag with thixotropic behavior, g:gs:v‘f“"“wh'm“k

there is a formed hysteresis loop when the shear rate is increased
stepwise from zero to some maximum value and then goes back to zero
steadily. Figure 8 presents the relationship between the shear stress
and shear rate at temperature of 1360°C-1460°C where the I refer to
the measurement in the shear rate increasing process and the D refers
to the measurement in the shear rate decreasing process. Due to the
measuring range of torque, the shear rate increases from zero to the 50s°
!, and then decrease from 50s™ to zero when the temperature is above
1380°C. Because of mass crystalline particles formed, the maximum
value that shear rate achieved is 20s' when the temperature is 1360°C
and 1370°C. It indicates from Figure 8 that when the temperature
is in the range of 1380°C-1460°C the slag behaves as a Newtonian
fluid and there is no a hysteresis loop. And it is also consistent with
the results shown in Figure 6. Furthermore, Figure 7 shows that the
volume fraction of crystalline particle at 1380°C is 9.7%. That is to say,
when the volume fraction of crystalline particle is lower than 10%, the
slag presents as Newtonian fluid. When the temperature decreases
to 1360°C and 1370°C with the volume fraction of crystalline particle
is 18% and 16%, hysteresis loops occur in the slag with crystalline
particles. The area of hysteresis loops with 1360°C is larger than that of
1370°C, which shows that the more crystallize particles form in lower
temperature. As the temperature decreases, the alignment of crystalline
particles increases which breaks up the interaction of internal particles
and increases the fraction of maximum packing [26]. Those contribute
to the appearance of hysteresis loops. Under the shear stress, the
microstructure of mixture is broken up and recovers at rest which may
be the cause for the higher shear stress of a slag in increasing shear rate
process than in decreasing shear rate process.

Viscosity prediction

Based on S$* model and Einstein-Roscoe model, the predicted
model of bituminous coal slag has been established. The model can be

expressed byn:0.014471&(1—1.35£)"7"”2+0.5659. The detailed calculation
process is shown as follows.

Completely molten models: The completely molten models
have been used to predict the viscosity of slag and compared with the
experimental values shown in Figure 9. It can be seen from Figure
9 that when the temperature is higher than 1380°C the predicted
values of S? Streeter, Watt-Fereday and Shaw models agree well with
the experimental values. But a large number of crystalline particles
appear in the slag which results in the models inapplicability when the
temperature is lower than 1370°C.

The predicting effect of the S?, Streeter, Watt-Fereday and Shaw
models can be evaluated by the bias and standard errors, and the
standard error o, and determination coefficient R* are calculated from
the following:

no< 2
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Figure 7: The relative minerals content-temperature curve of the slag.
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Figure 8: The thixotropy of the slag.
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In general, when R* and o_approach 1 and zero, respectively, the
predicted values are close to the experimental values.

The values of R? and o for the S?, Streeter, Watt-Fereday and Shaw
models are illustrated in Table 3. From Table 3, it can be seen that
the standard error o, and determination coefficient R* of the S* model
are 0.79 and 0.37, respectively. The predicting effect of the S* model
is the best compared to other models. However, the viscosity of slag
containing a lot of crystalline particles can’t be predicted by the S
model. Therefore, there is need to modify the S* model for the accurate
prediction of the slag viscosity.

Liquid-solid mixtures models: Due to the inaccurate prediction
of the §? model indicated in Figure 9, it is necessary to establish the
viscosity model based on solid-liquid mixtures models. The models
widely used for predicting the viscosity of liquid-solid mixtures are as
follows [7]:

Einstein: (1, —17) /11 =2.5¢ (6)
Einstein-Roscoe: 57 = 7(1—c .ﬂ)’” 7)
27’1
Chong:m:{1+0.75~ 9 } ®)
n P — P
Vand: ) —p.(142.5-0+7.349-6%) ©)

In this study, ¢_ is equal to 1 and the value of c is 1.35. The relative
content of the composition in the liquid as a function of temperature,
calculated by FactSage, is shown in Figure 10. The composition of
the liquid can be used to calculate the viscosity of completely molten
silicates and then the viscosity of liquid-solid mixtures can be obtained.

Based on the thermodynamic calculated values in Figure 10 and
§? model, the predicted viscosity of solid-liquid mixtures are shown
in Figure 11 where E-S* means that the solid-liquid mixtures model
is Einstein and the molten viscosity model is S* and the same way for
E-R-8% C-§%, V-8

From Figure 11, it indicates that the solid-liquid mixture models
predictions are in agreement with the experimental values when the
volume fraction is lower than 15% and the temperature is higher than
1370°C. It also implies that the solid-liquid mixtures model can predict
accurately the experimental values only when the volume fraction of
crystalline particles is lower than 15%, which is consistent with the
literature [7]. Further, the E-R-S? is the most close to the experimental
values. Therefore, the experimental values are modified according
to E-R-S? and the comparison between the experimental values and
prediction values is shown in Figure 12. The predicted model is as
following:

1 =0.01447, (1-1.35-2)7%% 1 05659 where R?=0.9947 (10)

Therefore, the formula'is suitable for the slag viscosity prediction in
the whole temperature range.

Conclusions

In this study, rheological measurements of the slag in reducing
atmosphere were conducted at the temperature range of 1360°C-
1460°C and the viscosity prediction model of the slag was established
on the basis of the S* model and solid-liquid mixtures Einstein-
Roscoe. The software FactSage was used to calculate the solid-liquid
relative contents and the volume of crystalline particles at different

temperature. As temperature decreases, the viscosity and shear stress
of the slag increase at the constant rotation speed. When the volume
fraction of the crystallize particles is less than 10%, the slag behaves as a
Newtonian fluid. When the volume fraction of the crystalline particles
is more than 15%, the viscosity of slag decreases with increasing
shear rate. In addition, the shear thinning behavior and thixotropic
behavior are investigated which represent the non-Newtonian fluid
characteristics of slag. Moreover, the viscosity model basing on the S?
model and Einstein-Roscoe model was established to accurate predict
the viscosity of the bituminous slag in the whole temperature range.
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Sample S? Watt-Fereday Streeter Shaw
R? o R? o R? g R? o
Slag 0.79 0.37 0.70 2.01 0.68 2.58 0.37 4.73

Table 3: The value of R? and o for empirical models.
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Figure 11: The viscosity of solid-liquid mixtures prediction based on S? model.
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Figure 12: The comparison of the experiment and prediction based on E-R-S2.

Nomenclature

vl viscosity coefficient

n viscosity of completely molten silicates(Pa-s)
Mo plastic viscosity (Pa's)

n, real viscosity(Pa's)

% shear rate (s™)

[} shear stress(Pa)

o, yield stress(Pa)

o, the standard error

9,0 volume fraction of the crystallize particles
Y, experimental value,

P.(x) predicted values of models
m average of the calculated values

IGCC integrated gasification combined cycle

R? determination coefficient
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SEM scanning electron microscopy
T, the temperature of critical viscosity
XRF X-ray fluorescence
XRD X-ray diffraction
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