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The viscosities of 45 coal ash slag samples at high temperature have been measured
under different temperatures and shear rates. The computer thermodynamic software
package FactSage has been used to predict liquidus temperatures, volume fractions of
crystallized solid particles (/), and the compositions of remaining liquid phase for 45
coal ash slag samples. The flow properties of completely liquid and partly crystallized
coal ash slag samples have been predicted by three viscosity models. The Urbain for-
malism has been modified to describe the viscosities of fully liquid slag and homogene-
ous remaining liquid phase in coal ash slag samples. The modified Einstein equation
and Einstein–Roscoe equation have been used to describe the viscosities of heteroge-
neous coal ash slag samples of / \ 10.00 vol % and / � 10.00 vol %, respectively.
These three models provided a good description of the experimental data of fully liquid
and heterogeneous coal ash slag samples. The new models also predicted flow proper-
ties of mixtures of coal ash slags with CaO, Fe2O3, MgO, SiO2, and Al2O3. VVC 2010
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Introduction

Currently, coal provides more than 23% of the world’s
total primary energy and generates 41% of the world’s elec-
tricity.1 The consumption of coal for power generation is
projected to increase by 49% by 2030.2 However, the
increased use of coal gives rise to several issues of serious
environmental concern, including the increased release of
greenhouse gas, particulars, and trace elements.3 Therefore,

there has been a significant increase in demand for more ef-
ficient and environmentally cleaner coal technologies for
energy production.4

Conventional pulverized-fuel combustion is the most
widely accepted technology for large-scale coal-fired heat
and electricity generation. This technology, where the ash
cannot contaminate the product, is used to generate stream
through indirect heating.5,6 The current development in next
generation coal-fired power stations uses integrated gasifica-
tion combined cycle (IGCC) technologies that address a
number of problems on the increase of emissions of NOx,
SOx, and particulates from pulverized coal-fired power sta-
tions. IGCC uses a combined cycle format with a gas turbine
driven by the combusted syngas from the gasifier, whereas
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the exhaust gases are heat exchanged with water/steam to
generate superheated steam to drive a steam turbine, which
can offer a basis for the development of low and ultimately
zero emissions power generation technologies.7 O2/Steam-
blown entrained-flow gasifiers have been successfully dem-
onstrated in IGCC in Europe (Shell and Prenflo gasifier) and
the United States (GE gasifier).8 Meanwhile, the various
entrained-flow gasifiers have been applied not only to IGCC
but also to produce methanol and olefins (via methanol) in
China.9 However, the stable operations of entrained-flow
gasifiers directly affect the stability and economic benefits of
IGCC. Therefore, the entrained-flow gasifier plays an impor-
tant role in the IGCC system.

In entrained-flow gasifiers, coal is typically gasified at
high temperatures ([1200�C) and pressure (20–30 atm).10

During gasification, organic material in coal is completely
combusted and gasified under high-temperature and high-
pressure conditions; the mineral matter in coal transforms
into ash during coal combustion; and the ash exposed to
high-temperature conditions, becomes liquid slag owing to
the melting and reactions of its component mineral matter.
Meanwhile, the molten ash particles accumulate on the inter-
nal walls of the gasification chamber, then the wall is cov-
ered by a layer of solid slag, over which the liquid slag will
flow under the force of gravity and out of the bottom of the
gasifier into a water quenching system.11 Figure 1 schemati-
cally shows the typical slag deposit and the slag tapping of
the shell entrained-flow gasifier. As a rule of thumb, the de-
sirable slag viscosity at the tapping temperature should be
15–25 Pa s for entrained flow gasifier.12 For example, if the
viscosity of coal ash slag is above 25 Pa s, it will cause vis-
cous, erratic slag flow from the gasifier; if the viscosity is
below 5 Pa s, it will result in rapid refractory wear of the
gasifier.13 Thus, the viscosity of coal ash slag plays a key

role in determining the operating conditions of entrained-
flow gasifiers. As the operating temperature of the entrained-
flow gasifiers is not necessarily above the liquidus tempera-
ture of coal ash slag, the liquid coal ash slag tapped from
the gasifier is perhaps homogenous liquid slag or heterogene-
ous liquid slag containing crystallized particles.14 It is, there-
fore, important to describe not only the viscosity of fully liq-
uid phase but also the viscosity of the liquid phase contain-
ing the partly crystallized solid particles for coal ash slag in
the gasifier.

It is known that measurements of the viscosity of coal ash
slag at high temperature are experimentally difficult to carry
out, laborious, expensive, and time-consuming.15 Therefore,
the ability to estimate viscosity data for coal ash slag is use-
ful in coal gasification. There have been a number of studies
on the viscosity prediction for coal ash slag at different tem-
peratures.16–20 As it can be assumed that the viscosity of the
fully liquid phase of coal ash slag is of homogeneous liquid
silicate slag, a number of silicate slag viscosity models have
been developed over the years to predict the viscosity of
fully liquid phase of coal ash slag.21–24 One group of models
uses a simplified expression based on the Weymann-Frenkel
equation.25

gl ¼ ATeð
1000B

T Þ (1)

where gl is the viscosity of homogeneous liquid silicate, T is
the absolute temperature, and A and B are the empirical
parameters. Urbain et al.26 indicated that parameters A and B
depend on the molar fraction of silica. Jak et al.27,28 modified
the Weymann-Frenkel equation to be able to predict the
viscosities of fully liquid phase slag for all compositions in the
Al2O3–CaO–‘‘FeO’’–SiO2 system in equilibrium with metallic
iron and coal ash slag samples. Hurst et al.29 fitted the

Figure 1. Slag deposit formation (a) and the slag tapping (b) schematic of the shell entrained-flow gasifier.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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viscosity of coal ash slag samples using the modified
Weymann-Frenkel treatment to give separate models for the
four FeO levels.

The other groups of more fundamental silicate viscosity
models have also been developed using thermodynamic
properties of the liquid phase silicate slag and internal struc-
ture of silicates through bridging, nonbridging, and free oxy-
gens.30,31 Seetharaman et al.32 described a correlation
between the Gibbs energy of activation for viscosities and
the Gibbs energy of mixing for the silicate slag. Kondratiev
et al.33 linked the viscosity of homogeneous liquid phase
silicate slag and the internal structure of melts through the
concentration of various anion/cation structural units. The
concentrations of structural units are equivalent to the second
nearest neighbor bond concentrations calculated by the
quasi-chemical thermodynamic model. Mill et al.34 summar-

ized and compared recently developed viscosity models in
the ‘‘round robin’’ project.

For the heterogeneous coal ash slag containing some crystal-
lized particles, fewer studies devoted to viscosity were found in
literature.35,36 More studies reported results for geological
melts and artificial melts.37,38 A number of empirical and semi-
empirical viscosity models of heterogeneous liquid suspensions
have been reviewed by Nzihou et al.39 The most commonly
used relationship describing the viscosity of heterogeneous
molten coal ash slag is the Einstein–Roscoe type equation40,41:

gs
gl

¼ 1� /
/m

� ��D

(2)

where gs is the viscosity of the crystallized particles containing
coal ash slag; / is the volume fraction of crystallized particles;

Table 1. The Composition of Coal Ash Samples

Number Sample

Composition

SiO2 Al2O3 CaO Fe2O3 MgO TiO2 K2O Na2O S/A

1 LX 18.92 28.85 25.97 15.24 3.14 2.36 1.93 3.59 0.66
2 GJ 23.55 26.28 17.42 25.42 0.74 2.56 2.77 1.77 0.89
3 CL 33.54 31.28 6.94 13.55 7.12 2.75 1.92 2.89 1.07
4 HF 32.08 26.74 17.12 13.66 2.89 3.21 1.08 3.22 1.19
5 DT 36.94 30.78 16.21 9.12 3.12 0.38 2.11 1.34 1.20
6 PDS 30.18 24.46 6.02 36.94 1.04 0.63 0.56 0.17 1.23
7 GY 37.32 28.15 24.79 7.96 1.03 0.16 0.20 0.37 1.32
8 WL 42.74 31.79 6.53 11.77 1.86 1.83 1.30 2.10 1.34
9 AQ 41.91 30.97 13.24 9.15 0.28 1.02 2.92 0.51 1.35
10 XY 36.88 26.73 15.32 13.98 1.98 2.11 0.09 2.91 1.37
11 XLT 41.57 29.54 15.84 7.28 4.70 0.25 0.22 0.60 1.40
12 CC 51.51 35.72 4.92 3.78 1.62 1.05 0.80 0.59 1.44
13 GZ 43.57 29.83 14.09 8.57 1.20 0.22 1.32 1.20 1.46
14 SEK 39.85 26.85 15.1 14.3 3.14 0.38 0.13 0.53 1.48
15 YZ 27.17 16.98 15.36 38.22 1.16 0.42 0.19 0.51 1.60
16 SB 54.33 33.64 6.80 0.61 1.93 1.55 0.68 0.46 1.61
17 LEK 52.18 32.24 7.57 5.14 0.95 0.71 0.77 0.44 1.61
18 HM 38.62 23.71 9.12 20.84 2.90 2.27 0.43 2.10 1.62
19 SF2 45.95 27.21 152 6.77 1.55 1.51 1.21 0.60 1.68
20 CQ 45.47 26.73 6.74 16.96 0.44 2.08 1.12 0.44 1.70
21 GJW 53.16 30.31 5.60 4.42 3.00 1.27 1.63 0.59 1.75
22 JC 54.46 30.42 5.77 0.50 1.61 1.31 4.27 1.67 1.79
23 LW 47.11 26.32 18.10 2.33 0.62 1.26 0.61 3.65 1.79
24 YM 56.15 30.28 4.91 4.02 1.45 1.29 1.87 0.59 1.85
25 KL 38.24 20.13 28.97 4.31 3.32 1.91 2.11 1.01 1.89
26 DZ 44.55 23.45 14.94 13.06 1.16 1.32 1.30 0.22 1.89
27 HB 46.32 23.32 5.99 18.22 1.78 1.43 2.71 0.33 1.98
28 FH 53.19 26.2 8.76 6.63 1.53 1.51 1.66 0.53 2.03
29 HBL 27.05 12.79 38.44 16.85 1.76 0.83 0.78 1.49 2.11
30 ZZ 32.84 15.52 35.52 8.25 1.92 3.02 1.96 0.98 2.11
31 YB 48.91 22.91 6.18 18.11 1.25 1.70 0.61 0.33 2.13
32 HX 57.78 25.43 5.52 3.40 1.15 1.01 1.45 4.25 2.27
33 YC 46.42 20.14 4.26 25.52 0.73 0.99 0.27 1.68 2.30
34 XS 42.51 17.99 16.98 8.38 3.07 0.53 0.93 9.62 2.36
35 SF1 37.38 15.58 30.50 11.26 1.60 0.87 1.20 1.59 2.39
36 XZ 50.77 20.65 10.27 13.02 1.50 1.10 0.31 2.38 2.45
37 CJZ 45.55 18.22 15.62 14.38 3.00 1.33 1.90 0.88 2.50
38 DTU 47.70 19.08 14.87 9.12 2.12 3.33 1.02 2.76 2.50
39 FS 53.13 21.25 4.11 14.32 3.21 0.78 2.11 1.09 2.50
40 HX 42.31 16.77 20.18 11.79 7.08 0.70 0.43 0.74 2.52
41 SH 41.45 16.30 23.96 12.82 1.52 0.95 1.49 1.48 2.54
42 SM 34.06 13.38 36.50 9.17 1.93 1.01 0.12 3.81 2.54
43 ZLNE 35.31 13.48 31.60 13.49 2.43 0.71 0.17 2.80 2.61
44 LW 47.54 18.08 8.34 17.32 2.12 3.33 1.09 2.18 2.62
45 SX 46.11 17.26 9.12 24.06 0.67 0.86 0.29 1.63 2.67

AIChE Journal March 2011 Vol. 57, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 803



D is a constant; and /m represents the maximum amount of
crystallized particles that the slag could accommodate before
the viscosity becomes ‘‘infinite.’’ For spherical particles of a
uniform size, Roscoe41 suggested D and /m to be 2.5 and 1.35,
respectively. Kondratiev et al.28 applied the Einstein–Roscoe
equation to describe the effect of the presence of solid
suspension on the viscosity of partly crystallized coal ash slag.
Wright et al.42 modified the D and /m parameters in the
Einstein–Roscoe equation to fit the viscosities of geological
slags containing particles of different shapes.

Other authors43 also expressed the viscosity of heterogene-
ous coal ash slag in the form of the following power series:

gs ¼ glð1þ 2:5/þ 9:15/2Þ (3)

However, Oh et al.44 believed these models were valid only
for very small concentrations of crystallized particles but
could not describe the effect of shear rate on the viscosity.

In the work described in this article, we have measured the
viscosities of 45 coal ash slag samples using a high-tempera-
ture rheometer at different temperatures under various shear
rates. The three different viscosity models that predicted the
viscosity of coal ash slag samples at various solid contents
and temperatures were developed in conjunction with the
computer thermodynamic software package FactSage. FactS-
age was used to predict liquidus temperatures, volume frac-
tions of crystallized solid particles (/), and the compositions
of remaining liquid phase. Examples of the application of
these models given in this article are concerned with predic-
tion viscosity and temperature of critical viscosity (Tcv) of the
mixtures of coal ash slag with various oxides.

Experimental

Coal ash sample

A total of 45 representative Chinese coal samples were
used in the study. The ash samples were prepared in a muf-

fle furnace at 815�C for 24 h according to the Chinese stand-
ard GB/T 1574-1995. Chemical analysis of the samples was
carried out using X-ray fluorescence (XRF). The chemical
composition of the 45 coal ash samples is given in Table 1.

Viscosity measurements

Apparatus. The high-temperature rheometer constructed
for this research was designed for direct measurement of the
rheological properties of slag in a controlled environment at

Figure 2. Setup for viscosity measurement.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Liquidus surface in the system Si–Al–Ca–Fe–
O with S/A weight ratio of 1.85 (calculated by
FactSage) and bulk compositions of coal ash
samples under investigation simplified to the
four component system.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

804 DOI 10.1002/aic Published on behalf of the AIChE March 2011 Vol. 57, No. 3 AIChE Journal



temperatures in the range 500–1570�C. The equipment and its
essential components are shown schematically in Figure 2.
This apparatus was set up at the East China University of Sci-
ence and Technology. The rheometer employs a concentric
cylindrical system for rheological measurements. The princi-
ple of operation of the high-temperature rheometer is to drive
a spindle (which is immersed in the molten liquid slag)
through a calibrated spring in the Brookfield rheometer. The
viscous drag of the slag against the spindle is measured by the
spring deflection. Spring deflection is measured with a rotary
transducer. The viscosity measurement range of the rheometer
is determined by the rotational speed of the spindle, the size
and shape of the spindle, the crucible the spindle is rotating
in, and the full-scale torque of the calibrated spring.

A vertical-tube alumina furnace equipped with a micro-
processor temperature controller is used to heat the slag to
the required test temperature. The temperature of the slag in
the hot zone and in the measuring system is monitored using
type B platinum thermocouples. A Brookfield DV-III ultra
programmable rheometer was used for the measurements and
was controlled by a PC, through which the experimental
data were collected and stored for on-line processing and
analysis.

In our experiment, the spindle was fabricated from 8.90
mm high-purity alumina bar stock. The spindle was 8.90
mm long with a 30� tapper (to help the molten liquid slag
drain off when the spindle is lifted from the liquid slag)
attached on both ends. The top of the spindle ended in a
15.00-mm-long, 2.34-mm-diameter shaft that accommodated
a 300 mm long, 4.00 mm-diameter stem. The stem was cov-
ered by a tubular alumina sleeve. The spindle was attached
to the Brookfield rheometer measuring head with a rigid
shaft. A crucible of internal diameter 30 mm and height 90
mm was used to store the slag, which was contained inside a
larger crucible of internal diameter 40 mm and height 100
mm to prevent damage to the fluted rods from any overflow
of boiling slag from the small crucible. Slag could be taken
directly from the sampling hole of the high-temperature rhe-
ometer at any high temperature under oxidizing conditions
(see Figure 2). It was then rapidly quenched in cold water to
observe the crystalline particles that it contained.

The bob was calibrated against Brookfield standard oil
with nominal viscosities of 5.00 Pa s, 30.00 Pa s, 60.00
Pa s, and100.00 Pa s at 25�C in the range of actual rotation

rates and at high temperature with a standard reference mate-
rial developed in the BCR (Bureau Communautaire de Réf-
érence) program of the EU (19.46% Li2O, 14.06% Al2O3,
and 63.8% SiO2); the measured deviation from the mean
was �10.00%. As both the bob and crucible were made of
Al2O3, some dissolution of Al2O3 in the slag was inevitable,
affecting the bob and crucible geometry and the composition
of the slag. This may possibly have caused certain system-
atic uncertainties and experimental errors.

Viscosity Measurements. We placed the slag in a cruci-
ble, which was in turn placed inside a larger crucible as
mentioned above. This dual-crucible system was placed in
the furnace, fixed by three fluted rods of high-purity alumina
to ensure that the spindle was at the center of the crucible.

Generally, viscosity measurements were started at the tem-
perature 20�C higher than the liquidus temperature of the
coal ash slag sample. If the liquidus temperature of the sam-
ple was higher than the highest temperature of the furnace
(1570�C), the starting temperature would be the highest tem-
perature of the furnace under this condition. Viscosity meas-
urements were made at 20�C intervals with stirring during
stepwise cooling until the slag viscosity exceeded 300 Pa s.
About at least 60 min was allowed for equilibration at each
temperature. Moreover, at each chosen temperature, the slag
viscosity was measured several times at different spindle
speeds to ensure the reproducibility of the measurements.
The spindle speed and the slag viscosity were recorded and
processed by the apparatus software. After each test run at a
fixed temperature, a few of the slag samples were directly
transferred from the sampling hole of the high-temperature
rheometer and quickly quenched with cold water. The micro-
structures of the quenched slag samples were examined by
means of an optical rheology microscope.

Table 2. The Homogenous Liquid Viscosity Model
Parameters

j i

0 1 2 3

b0i 0 12.72 35.11 �36 140.31

bC;ji 1 �4.01 24.75 �48.08 31.92
2 3.75 �21.09 35.35 �19.93

bM;j
i 1 �16.83 80.76 �121.68 58.21

2 24.18 �116.15 178.12 �88.01
bK;ji 1 12.29 68.72 122.47 �66.31

2 �6.41 21.43 �1.54 �88.01
bN;ji 1 10.76 �31.58 �10.17 60.29

2 �10.41 �1.26 138.46 �190.67
bT;ji 1 27.56 �127.6 198.61 �104.08

2 �34.77 165.31 �272.92 157.67

Figure 4. Comparison between the calculated viscosity
values of fully liquid phase coal ash slag
samples from the models and the experimen-
tal data.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FactSage modeling

The thermodynamic software package FactSage45 was
used in this study to predict liquidus temperature, propor-
tions of solids, and mineral formation for the multi-compo-
nent system. Phase formation data for these oxides and their
combinations were selected from the FToxid database. Cal-
culations were carried out between solid temperature and liq-
uid temperature under oxidizing condition at 1-atm pressure.
The calculation method of FactSage is based on Gibbs’
energy minimization for the slag at a given temperature and
compositional range. Phases formed at concentrations below
0.01 wt % were ignored. Because of the complexity of the
thermodynamic models (quasi-chemical, sub-lattice), which
represents the interaction of the components for phase for-
mation, the convergence of the algorithms is slow and sensi-
tive. In this study, we used the method of Jak et al.,18 which
permits the approximation to start from lower order subsys-
tems, finally reaching the real or complete system. Once the
phases have been determined, a total mass balance verifies
the consistency of the system.

In our work, the thermodynamic properties calculated for
the slag by FactSage have been predicted from the (SiO2–
Al2O3–CaO–Fe2O3–MgO–TiO2–Na2O–K2O) system. Liquid
temperature of the slag was determined for the mineral matter
that it contained.46 On the basis of the oxide composition of
the slag, the proportion of liquid phase generated and the
compositions of remaining liquid phase were evaluated at dif-
ferent temperatures. FactSage is a thermodynamic equilibrium
model. Thus, to allow the coal ash slag samples to reach ther-
modynamic equilibrium and eliminate the kinetic limitations
of crystallized particles in coal ash slag at decreasing tempera-
tures. The viscosity values of coal ash slag samples at differ-
ent temperatures were used until the viscosity values of such
samples no longer changed significantly with time.

Results and Discussion

Description of coal ash slag samples

A set of 45 coal ash slag samples was selected for this
study and their chemical compositions are shown in Table 1.

Figure 5. Viscosity vs. temperature curves for Nos. 1–25 coal ash slag samples at different shear rates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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As can be seen from Table 1, the range of content of SiO2,
Al2O3, CaO, Fe2O3, MgO, TiO2, K2O, and Na2O are 18.92–
57.78%, 12.79–35.72%, 4.11–38.44%, 0.50–38.22%, 0.28–
7.12%, 0.16–3.33%, 0.09–4.27%, and 0.17–9.62%, respec-
tively, which basically cover the compositions of these
oxides in most Chinese coal ash slags.47,48

To observe more directly the distribution of composition
for these coal ash slag samples, we used FactSage to draw
the pseudo-ternary diagram (SiO2–Al2O3–CaO–Fe2O3 with
an SiO2/Al2O3 weight ratio of 1.7) in Figure 3. Since over
90% of the mineral matter in coal ash slag is derived from
the oxides of aluminum, silicon, calcium, and iron, the
SiO2–Al2O3–CaO–Fe2O3 pseudo-ternary diagram can well
describe the distribution of composition for these coal ash
slag samples. In Figure 3, thick lines of the same color rep-
resent all compositions having a given liquidus temperature.
The black point indicates a similar composition of coal ash
slag samples. As shown in Figure 3, the compositions of
most coal ash slag samples are located in the region contain-
ing mostly SiO2 and Al2O3, where the coal ash slag samples
have mullite as the first solid to precipitate and have high
liquidus temperatures. High lime and high iron oxide coal
ash slag samples have lower liquidus temperatures and are
anorthite and Al–Fe–oxide primary phase fields, respectively.
Note that actual S/A weight ratios in the set of coals investi-
gated vary from 0.66 to 2.67; however, the SiO2/Al2O3 (S/
A) weight ratios of most coal ash slag samples were equal
or close to 1.85 and the effects on liquidus temperature
curves and mineral matter with the variation of the S/A

weight ratio were negligible, thus we used the S/A weight
ratio of 1.85 on behalf of all the samples in our experiment.

The viscosity model development

Development of the Viscosity Model for Homogeneous
Coal Ash Slag. In our work, the experimental furnace tem-
perature is usually higher than the liquidus temperature cal-
culated by FactSage for coal ash slag samples, with the
exception of five coal ash slag samples [PDS(6), AQ(9),
LEK(17), DZ(26), and HB(27)]; These five coal ash slag
samples whose liquidus temperatures are above the highest
temperature of furnace (1570�C) are shown in Figures 7 and
8. Generally, a coal ash slag is heated up to the liquidus
temperature until all reactions are completed; it will then
normally form a homogenous liquid slag free of suspended
matter,49 thus the viscosities at the highest temperature for
these 40 coal ash slag samples whose liquidus temperatures
are lower than the highest temperature of furnace can be
assumed to be that of fully liquid coal ash slag.

As the Urbain model26 is one of the most widely used mod-
els for the completely liquid silicate slag viscosities due to its
simplicity and good description of experimental data, it was
selected as the basis for the description of viscosities of the
fully liquid at highest temperature and the remaining liquid
slag at different temperatures for all the coal ash slag samples.

The Urbain model uses modified expression based on the
Weymann-Frenkel equation (Eq. 1). In Weymann-Frenkel
equation, Urbain thought A and B were the model

Figure 6. Viscosity vs. temperature curves for Nos. 26–45 coal ash slag samples at different shear rates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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parameters, which depended only on the liquid silicate slag
composition.

Parameter A is linked to B through the following empirical
equation:

� InA ¼ mBþ n (4)

where m and n are the model parameters.
Urbain50 indicated that parameters m and n depended on

composition, but for simplicity, recommended the average
values m ¼ 0.29 and n ¼ 11.57 for the whole range of liquid
silicate slag compositions.

The silicate liquid slag components are classified into
three groups: glass formers (e.g., SiO2)—g, amphoterics for-
mer (Al2O3, Fe2O3)—am, and modifier former (CaO, MgO,
TiO2, K2O, Na2O)—mo.51 Thus, parameter B was expressed
by Urbain as follows: function of glass former Xg (e.g.,
Si4þ), modifiers Xmo (e.g., Ca2þ, Mg2þ, Ti4þ, Kþ, Naþ), and
amphoterics Xam (e.g., Al3þ, Fe3þ):

B ¼ B0 þ B1Xg þ B2X
2
g (5)

where

Bi¼0:::3 ¼ b0i þ b1i aþ b2i a
2 (6)

a ¼ Xmo

Xmo þ Xam

(7)

In the above Eqs. 5–7, Xg, Xmo, and Xam are mole frac-
tions of glass formers (g), modifiers (mo), and amphoteric
oxides (am), respectively. Meanwhile, bji are empirical model
parameters.

For systems containing more than one modifier, Urbain52

proposed that separate B values for different individual
modifiers be used. Although modified B-values by different
modifiers had been presented,34,50,51 these modifications
have not been previously implemented. In the present study,

Figure 7. The volume fraction of liquid phase and crystallized solid particles and the mineral compositions for
Nos. 1–25 coal ash slag samples at different temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the following expression has been developed to describe the
global B-value for the system with five modifiers:

B ¼
X3
i¼0

b0i X
i
g þ

X3
i¼0

X2
j¼1

�
bC;ji

XC

X
þ bM;j

i

XM

X
þ bK;ji

XK

X

þ bN;ji

XN

X
þ bT;ji

XT

X

�
�
�

X

X þ XA

�j

Xi
S ð8Þ

where

X ¼ XC þ XM þ XK þ XN þ XT (9)

where XA, XC, XM, XK, XN, XT, XS are mole fractions of Al2O3,

CaO, SiO2, MgO, K2O, Na2O, TiO2, and SiO2, respectively; X
is the sum of the mole fractions of CaO, SiO2, MgO, K2O,

Na2O, and TiO2; b
C;j
i , bM;j

i , bK;ji , bN;ji , and bT;ji are empirical

parameters determined through optimization—fitting the

model predictions to the experimental data. The final set of

B-coefficients is given in Table 2. Meanwhile, for the

parameters m and n, we still used Urbain’s recommended

average values m ¼ 0.29 and n ¼ 11.57 for the 45 coal ash slag

samples.
Figure 4 shows comparisons of measured values of viscos-

ity for fully liquid phase coal ash slag samples, and the val-
ues predicted by the Urbain model and the present model
(modified Urbain model) (Eqs. 4–9). As shown in Figure 4,

both standard deformation (SD) value and standard error
(SE) value for the present homogenous model are clearly
lower than that for the Urbain model. Meanwhile, most of
the coal ash slag samples shows deformation viscosities pre-
dicted by the present homogenous model within �10% ex-
perimental error band shown, which indicates that modifying
the set of B-coefficients has enabled the agreement between
the model predictions and experimental viscosities to be sig-
nificantly improved on the basis of the Urbain model.

Development of the Viscosity Model for Heterogeneous
Coal Ash Slag. When the temperature of coal ash slag is
below the liquidus temperature, solid crystallized particles
will be formed in liquid coal ash slag; the liquid coal ash
slag can then be regarded as a heterogeneous crystal suspen-
sion that consists of a mixture of fully liquid silicate and
solid crystals.

Figures 5 and 6 illustrate the viscosity as a function of
temperature and the shear rate for 45 coal ash slag samples.
The viscosity of coal ash slag samples has considerable de-
pendence on temperature. The viscosities for all the coal ash
slag samples initially increase slowly, and then abruptly
increase as the temperature is decreased. Meanwhile, as
shown in Figures 5 and 6, the effect of shear rate on the vis-
cosity of coal ash slag samples becomes more and more dis-
tinct as the temperature is decreased. For example, the vis-
cosities of these samples at higher temperature, which is
higher than the temperature indicated by arrows, are

Figure 8. The volume fraction of liquid phase and crystallized solid particles and the mineral compositions for
Nos. 26–45 coal ash slag samples at different temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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essentially constant regardless of the shear rate; thus it is
assumed that the behavior of the heterogeneous coal ash slag
samples is that of the Newtonian fluid at these temperatures.
However, the viscosities of coal ash slag samples are not con-
stant at the same temperature as the temperature is decreased,
and these viscosities decrease dramatically at the same tem-
perature with increasing shear rate (this behavior, known as
‘‘shear thinning,’’ is common with polymer melts and particu-
late suspensions), thus it is assumed that the behavior of the
heterogeneous coal ash slag samples is that of a non-Newto-
nian fluid at these temperatures. Hence, the arrows in Figures
5 and 6 indicate the temperatures which mark the transition
from Newtonian to non-Newtonian behavior.

To find the critical values of solid content that marks the
transition from Newtonian to non-Newtonian behavior; we
used FactSage to calculate the volume fraction of crystal-
lized solid particles for the 45 coal ash slag samples as a
function of temperature. Figures 7 and 8 show the volume
fraction of crystallized solid particles, liquid phase, and the
mineral compositions for the 45 coal ash samples as a func-

tion of temperature. The arrows in Figures 7 and 8 corre-
sponding to temperatures are equal to the arrows in Figures
5 and 6 corresponding to temperatures which mark the tran-
sition from Newtonian to non-Newtonian behavior for each
coal ash slag samples.

By analyzing the arrows pointing to the temperatures in Fig-
ures 5 and 6 corresponding to volume fraction of crystallized
solid particles in Figures 7 and 8, it is observed that for most
of the coal ash slag samples, expect with LEK(17), JC(22),
DZ(26), and SF1(35) of coal ash slag samples, the volume
fraction of equal crystals that marks the transition from Newto-
nian to non-Newtonian behavior is higher than 10 vol %;
meanwhile most of the values of volume fraction for these
sample are close to 10 vol %, thus in our work, the critical
value of volume fraction of crystallized solid particles that
marks the transition from Newtonian to non-Newtonian behav-
ior is defined as 10 vol %. As this critical value may be de-
pendent on factors such ash crystal shape, crystal size distribu-
tion, and shear strain rate, it is only a probable value and not
an exact value for coal ash slag samples.53

Figure 9. The composition of remaining homogeneous liquid of Nos. 1–25 coal ash slag samples at different tem-
peratures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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To describe changes in the viscosity over the entire range
of crystallized particle volume fractions between 0 \ / �
48.62%, we discuss the viscosity of coal ash slag samples of
/\ 10.00 vol % and / � 10.00 vol %, respectively.

/\ 10.00 vol %.
From an inspection of Figures 5–8, when the temperature

is higher than / \ 10 vol % corresponding to the tempera-
ture, the effect of shear rate on the viscosity at the same
temperature can be negligible. Therefore, /\ 10 vol % cor-
responds to the viscosity of coal ash slag samples, which is
assumed to be dilute silicate suspension with independent
shear rate.

The most well-known method for predicting the viscosity
of dilute suspension is the equation for the relative viscosity
gR, theoretically derived by Einstein on the basis of an infin-
itely dilute solution of spherical particles.54

gs
gl

¼ 1þ 2:5/ (10)

where gs and gl are the viscosities of heterogeneous and
remaining homogeneous liquid, respectively; / is volume
fraction of solids; and 2.5 is the intrinsic viscosity.

The value of the intrinsic viscosity in Eq. 10 depends on
the shape and size of particles in suspension.55 However, in
our present work, the crystalline particles were not the same
size of the spherical particles (see Figure 14). Moreover, the
viscosity of homogenous silicate liquid in coal ash slag sam-
ples would change as the temperature is decreased, thus the

value of intrinsic viscosity in the Einstein model needs to be
recalculated.

First, for the viscosity value of the remaining homogeneous
liquid phase in coal ash slag gl in Eq. 10, since the composi-
tion of the remaining homogenous liquid phase of 45 coal ash
slag samples are changed with temperature decreasing, its
value is not constant. Therefore, in our work, the composition
of the homogenous 45 coal ash slag were initially calculated
by FactSage (see Figures 9 and 10), then the viscosity of the
remaining homogeneous liquid slag at different temperatures
coal ash slag was calculated by the present homogenous coal
ash slag viscosity model (Eqs. 4–9) (see Figures 11 and 12).
Then, the / values for the 45 coal ash slag samples are calcu-
lated by FactSage (see Figures 7 and 8)

Figure 13 shows the relative viscosity of the solid-contain-
ing heterogeneous coal ash slag samples plotted vs. the vol-
ume fraction (\10.00 vol %) of crystallized particles. The
slope of the fitting linear is the intrinsic viscosity, its value
is 1.158. Thus, the modified Einstein model can be expressed
through the following equation:

gs
gl

¼ 1þ 1:158/ (11)

It can be seen in Figure 13 that there is a good correlation
between gs/gl and /, for which the correlation coefficient (R)
value is higher than 0.93, and the intrinsic viscosity in Eq.
11 is lower than the value of intrinsic viscosity in the

Figure 10. The composition of remaining homogeneous liquid of Nos. 26–45 coal ash slag samples at different
temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Einstein model. One possible reason is that the viscosity of ho-
mogenous silicate liquid in most of the coal ash slag samples
clearly increases as the temperature is decreased, which leads
to the decrease in the value of gs/gl, making it lower than that
of the remaining liquid viscosity which is constant. The other
possible reason for the effect was that the crystallized particles
in coal ash slag samples had nonspherical shapes, and in fact,
they were quite irregular, which can be seen from Figure 14.
Figure 14 shows the micrographs of four directly cold water
quenched coal ash slag samples [LX (1), XY (10), SB (16),
and KL (25)] at different temperatures from the sampling hole
of the high temperature rheometer before measuring the vis-
cosity of samples. As can be seen from Figure 14, the micro-
graphs of coal ash slag after cooling in the water showed that
the crystallized solid particles have nonspherical shape Figures
14b, c and needle-like shape Figures 14a, d.

Figure 15 shows the plot of measured viscosity vs. the
predicted viscosity using the present heterogeneous model
(Eq. 11) for 45 coal ash slag samples at /\ 10.00 vol %. It
can be seen that the present experimental viscosity data for
45 coal ash slag samples under / \ 10.00 vol % are very
well fitted by the modified Einstein model (Eq. 11) and most

of the points lie close to the equivalence line. All of the coal
ash slag samples show deformation viscosities within experi-
mental errors of �10.00%.

/ � 10.00 vol %.
From an inspection of Figures 5–8, when the temperature

is lower than / � 10 vol % corresponding to the tempera-
ture (in Figures 7 and 8), the effect of shear rate on the vis-
cosity at the same temperature becomes more and more dis-
tant as the temperature is decreased (in Figures 5 and 6).

Many attempts have been made to describe the concentra-
tion dependence of viscosity on high solid content suspen-
sion.56–58 However, few authors take into account the effect
of shear rate on viscosity in the model.

Coal ash slag behaves as a non-Newtonian fluid under
high solid particle contents. The Einstein–Roscoe equation
(Eq. 2) provides a good description of the flow properties of
suspensions that contain high solid particle contents. There-
fore, in our work, the Einstein–Roscoe equation was selected
as the basis for the description of viscosities of coal ash slag
samples at / � 10.00 vol %.

To make the Einstein–Roscoe equation describe the vis-
cosity of coal ash slag at different shear rates at / � 10.00

Figure 11. The viscosity values of the remaining homogenous liquid of Nos. 1–25 coal ash slag samples at different
temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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vol % well, the parameter D in Einstein–Roscoe equation
was used as a function of shear rate. Meanwhile, the value
of /m in Einstein–Roscoe equation depends on size, shape,
and distribution of crystals.59 In the literature, the values of
/m range from 0.4 to 0.74,60,61 with a classical value of 0.60
for liquid silicate suspensions.62 In this study, the best fit to
our data gives 0.62 for /m, which is sensibly higher than the
classical 0.60.

The Einstein–Roscoe equation can be expressed in the
form:

In
gs
gl

� �
¼ D � In 1� /

/m

� �
(12)

Figure 16 shows the plots of relationship between ln(gs/
gl) and ln(1�///m) at different shear rate conditions. The
slope of these fitting straight lines represents the value of
D at different shear rates in Figure 16. As can be seen
from Figure 16, all of the R values for the coal ash slag
samples under different shear rates are always higher than
0.90, which indicate that there are good correlations
between ln(gs/gl) and ln(1�///m) under different shear
rates conditions.

Figure 17 demonstrates the non-linear curve fit of D with
shear rate, r. The relationship between the value of D in Eq.
12 and shear rate, r, is given by:

D ¼ �4:62r�0:572 (13)

Thus, the modified Einstein–Roscoe model can be
expressed as follows:

gs
gl

¼ 1� /
/m

� ��4:62r�0:572

(14)

Figure 12. The viscosity values of the remaining homogenous liquid of Nos. 26–45 coal ash slag samples at differ-
ent temperatures.

Figure 13. Relationship of relative viscosity (gs/gl) with
volume fraction of the crystallized solid par-
ticle (/) for 45 coal ash slag samples for the
/ < 10.00 vol %.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 18 shows the parity plots of the measured vs. the
predicted viscosities using the present model (Eq. 13) for the
45 coal ash slag samples with different shear rates at / �
10.00 vol %. It is apparent that the viscosities of most coal
ash slag samples under different shear rates are observed to
deform within relative errors �10%, which indicate that the
modified Einstein–Roscoe model provides a good prediction
of the viscosities of the 45 coal ash slag samples at / �
10.00 vol % in different shear rates condition.

Application

The detailed characterization of the viscosity of coal ash
at a high temperature, similar to the one performed in this
article, provides essential data for the development of an
effective and efficient soot blowing strategy in a pulverized
coal-fired boiler. The viscosity of coal ash has significant
implications in the initiation, the formation, and the growth
of ash deposits in a conventional pulverized coal-fired boiler,
as well as the ash deposits properties such as deposit thick-
ness and effective thermal conductivity, which are very im-
portant factors affecting combustion regimes and operating
costs.

Figure 14. Micrographs of the four directly cold water quenched coal ash slag samples at different temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. Comparison between the predicted viscosity
values of coal ash slag samples from the
present model and the experimental data at
low levels of solid loading, / < 10.00 vol %.
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In practical gasification operation, depending on the gasifier
type, the limiting requirements for slag viscosity and tempera-
ture can vary from 5 to 25 Pa s and from 1100�C to 1500�C,
respectively.63,64 These requirements are determined empiri-
cally by the tap ability of the slag in a gasifier. For coals with
high ash fusibility temperatures and high slag viscosity, flux-
ing (CaO and Fe2O3) must be added to allow these coals to be
used in the entrained gasifier to achieve required flow charac-
teristics of ash slag in slagging gasifier.65

In our work, we measured the viscosities of coal ash slag
samples by adding five main oxides in the coal ash slag
(CaO, Fe2O3, MgO, SiO2, and Al2O3) at different tempera-

tures at shear rate of 14 s�1; the new models then predicted
the flow properties of mixtures of coal ash slag samples with
CaO, Fe2O3, MgO, SiO2, and Al2O3.

Prediction of viscosity of mixtures of coal ash slag
with various oxides

Figures 19a–d represents the measured and predicted vis-
cosity vs. temperature curves for the mixtures of selected
coal ash slag samples [GY (7), HX (40), SM (42), and ZZ
(30)] with CaO, Fe2O3, MgO, SiO2, and Al2O3, respectively.
As shown in Figure 19, for most of the samples, the experi-
mental viscosities vs. temperature curves agree well with the
predictions made using the present homogenous and hetero-
geneous viscosity models. Table 3 shows the results of linear
regression analysis for / ¼ 0 vol %, / \ 10.00 vol %, and
/ � 10.00 vol % corresponding to measured and predicted
viscosity values, respectively. It can be seen that the differ-
ent / values corresponding to R and r values decreases with
increasing / value. However, although the / � 10.00 vol %
corresponding to R and r values is the lowest, the R and r
values are still higher than 0.88 and 84.30%, respectively,
especially for the / ¼ 0 vol % corresponding to R and r
values which reach up to 0.931 and 91.30%, respectively.
This indicates that homogenous and heterogeneous viscosity
models used to predict different / corresponding to viscosity
of coal ash slag samples in our work can well predict the
viscosity of mixtures of coal ash slag samples with different
oxides.

Prediction of temperature of critical viscosity of coal
ash slag

Tcv indicates a point of often abrupt change in the viscosity–
temperature relationship because solid phases in the liquid slag

Figure 16. The relationship between ln(gs/gl) and
ln(12///m) under different shear rates, given
by Eq. 12.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 17. The relationship between value of D and
shear rate, r, given by Eq. 13.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 18. Comparison between measured and calcu-
lated viscosity values for 45 coal ash slag
samples at higher level solid loading, / �
10.00 vol %.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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begin to crystallize and separate from the liquid phase.66 In
our work, the measured and predicted Tcv were determined to
be at the midpoint of the temperature step during which sharp
breaks in the viscosity vs. temperature curve occurred. Mean-

while, the homogenous and heterogeneous models were used
to predict the Tcv of the mixtures of selected coal ash slag with
CaO, Fe2O3, MgO, SiO2, and Al2O3, respectively.

Figure 20 shows a parity plot of the measured Tcv vs. the
predicted Tcv for the mixtures of coal ash samples with these
five oxides. It can be seen that all the samples show defor-
mation temperatures within experimental errors of �25�C,67

which indicates that the present homogenous and heterogene-
ous models can predict Tcv of mixtures of coal ash samples
with oxides with a good level of accuracy.

Conclusion

In our work, the three different viscosity models used to
predict the different solid contents for 45 coal ash samples
corresponding to viscosities that have been developed well
describes the experimental viscosities for a wide range of

Figure 19. The measured and predicted viscosity vs. temperature curves for the mixtures of selected coal ash slag
samples with CaO, Fe2O3, MgO, SiO2, and Al2O3, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. The Results of Linear Regression Analysis for
Measured and Predicted Viscosity of Mixtures of Coal Ash

Slag Samples with CaO, Fe2O3, MgO, SiO2, and Al2O3,
Respectively

Volume Fraction Linear Regression Analysis

/ ¼ 0 vol % R ¼ 0.931, r ¼ 91.30 %
Estimated viscosity; 89% within\�10%

/\ 10 vol % R ¼ 0.910, r ¼ 89.30 %
Estimated viscosity; 88% within\�10%

/ � 10 vol % R ¼ 0.884, r ¼ 84.30 %
Estimated viscosity; 83% within\�10%
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compositions and temperatures. Modifications to the Urbain
viscosity model of the liquid phase have improved the agree-
ment with experimental data. The viscosities of heterogene-
ous, partly crystallized, the Einstein equation, and Einstein–
Roscoe equation have been modified to describe the viscos-
ities of heterogeneous coal ash slags of / \ 10.00 vol %
and / � 10.00 vol %, respectively. These models provide a
good description of the experimental data of fully liquid and
crystallized particles coal ash slag samples. These models
can also predict well the viscosity and Tcv of mixtures of
coal ash slag samples with CaO, Fe2O3, MgO, SiO2, and
Al2O3 and described the effects of these oxides on the
curves of viscosity vs. temperatures of the samples.
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Notation

Subscripts

am ¼ amphoteric oxides
A ¼ Al2O3

C ¼ CaO
F ¼ Fe2O3

g ¼ glass formers
K ¼ K2O
l ¼ Liquid

M ¼ MgO
mo ¼ Modifiers
N ¼ Na2O
S ¼ SiO2

T ¼ TiO2

Superscripts

C ¼ CaO
K ¼ K2O
M ¼ MgO
N ¼ Na2O
T ¼ TiO2
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