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A B S T R A C T

Viscosity is the key factor affecting the flowability of molten coal slag in the entrained flow gasifier. The volume
fraction and morphology of solid phase in slag are important factors affecting the slag viscosity. In this study, the
malt syrup and the particles with different sizes and morphologies were chosen as the simulation medium to
study the effect of particle morphology on the suspension viscosity. The influences of size, shape and aspect ratio
of solid particles on the suspension viscosity were considered. It was concluded that the suspension viscosity
increased with the decrease of the particle size. The suspension viscosity increased with the increase of the aspect
ratio of the particles. This phenomenon was more obvious under the high volume fraction of solid phase. With
the same size and aspect ratio, the non-spherical particles had greater effect on the suspension viscosity than
spherical particles. A correction factor was used to modify the viscosity model with the consideration of particle
size, shape and aspect ratio. The prediction results of new modified viscosity model of the suspension finally
showed good agreement with the measured experimental data.

1. Introduction

Entrained flow gasification technology was received widely appli-
cation in the field of energy conversion. It allows for various combi-
nations of electricity, liquid fuels, hydrogen, chemicals and heat with
the characters of high efficiency and fuel flexibility [1]. Entrained flow
gasifier usually operates at a high temperature (above the ash flow
temperature) to ensure a good slagging condition for the stable op-
eration [2,3]. The slag viscosity is the key factor in determining whe-
ther the slagging condition is stable and smooth.

The measurement of the viscosity of molten slag is significant not
only for the theoretical research on melt, but also for the industrial
application. Slag type with suitable fluidity at the low operation tem-
perature for saving energy consumption is required to study [4]. The
viscosity of slag with low melting point should be investigated to de-
velop an improved gasification operation at low temperature. Molten
slag is a solid-liquid two-phase mixture and solid particles do exist in
slag in gasification processes. The viscosity of fully liquid slag increased
with decreasing temperature, and the temperature dependence of the
viscosity was usually expressed in the form of the Arrhenius relation-
ship. With the precipitation of crystals from molten slag below the

melting point, the slag behaved as a non-Newtonian fluid and the
viscosity showed a sharp increase near the melting point [5]. Therefore,
the characteristics of crystal precipitation during the cooling process of
the molten slag were studied.

Xuan et al. [6–9] studied the influences of CaO, Fe2O3, SiO2/Al2O3

on crystallization characteristics of synthetic coal slags. With the in-
crease of CaO, crystallization of the slags became obvious, especially in
which with a calcium content range between 15% and 35%. With a
higher ratio of Fe2O3, more crystallization heat was released and the
crystallization shifted to a higher temperature, potentially leading to a
higher Tcv (Critical viscosity temperature) in viscosity. The kinetics
under isothermal 1100 °C show that the growth rate of crystals in-
creases with the addition of iron oxide. As the S/A ratio increased be-
tween the range of 1.5–3.5, the crystal was clear and energy barrier was
significantly lowered and the crystallization ratio increased. Shen et al.
[10] studied the effect of cooling process on the generation and growth
of crystals in coal slag. Low cooling rate was beneficial to the genera-
tion of the crystals and long residence time below the initial crystal-
lization temperature promoted the generation and growth of crystal.
The influence of internal and external factors on slag viscosity was
studied by Kong et al. [11–13]. They found that viscosities of glassy and
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crystalline slag both decreased with increasing cooling rate. The visc-
osity of the molten slag increased with the increasing the mass fraction
of residual carbon. Kondratiev et al. [14] proposed chemical compo-
nents such as P2O5, B2O3 possessed strong, highly covalent metal-
oxygen bonds, leading to high liquid viscosities. Ilyushechkin et al. [15]
concluded that slag viscosity depended on the slag bulk composition
above the liquid temperature line. Zhang et al. [16] found that the
viscosity of molten slag increased as increasing the volume fraction of
TiC. Many researchers also proposed other factors (constant tempera-
ture, continuous cooling and different kinds of mineral) that affect the
crystallization [17–21]. Owing to the difficulties in measurement, the
viscosity of two-phase mixtures was hardly investigated. In view of the
importance of slag viscosity in the optimization of gasification pro-
cesses, researchers have used different models to estimate the viscosity
of solid-liquid mixtures.

Early in the twentieth century, Einstein derived a linear equation
about suspension viscosity based on Stokes equation [22,23]. Experi-
ments were carried out to examine the applicability of Einstein's
equation. The results demonstrated that this model could be only ap-
plied to dilute suspension [22]. For this reason, Simha used cell method
to estimate the viscosity of liquid containing solid particles [24]. Fol-
lowing this approach, Happel [25], Zholkovskiy et al. [26], Sengun
et al. [27], Malomuzh et al. [28], and Sherwood [29] had proposed
modified models. Since the above models were derived from different
boundary conditions, the prediction results were quite different at high
particle volume fraction.

A number of semi-empirical models have been developed based on
experiment data [30–33]. Jung et al. [34] proposed a comprehensive
viscosity model for micro magnetic particles dispersed in silicone oil.
The viscosity increased with the solid phase volume fraction. The
magnetic field decreased with the shear rate and the temperature. The
effect of temperature and solid phase volume fraction was well de-
scribed by the Arrhenius model and the Krieger and Dougherty model
[34]. The multiplied form of magneto rheological model was verified by
the experiment data, and it was very useful for the prediction of shear
viscosity under various operating conditions. Thionnet et al. [35] put
forward the influence of the volume fraction, size and surface coating of

hard spheres on the microstructure and rheological properties of model
in mozzarella cheese. However, most of the experiment data had been
generated using aqueous solutions. The big difference in viscosity be-
tween slag (usually > 0.1 Pa.s) and aqueous solution made the appli-
cation of any of these models to slag system uncertain.

Koudratiev et al. [36] calculated the fractions of solid phase using
F.A.C.T for some reported slags [37] and applied Roscoe model [31] to
the two phase mixtures. The modified parameters for Roscoe equation
with better accuracy and applicability were also reported. Wright et al.
[38] measured the slag viscosity with either Al2O3, MgO or Fe3O4

particles. Great dependence of viscosity on rotation speed was reported
when the fraction of particles was above 0.04.

A number of literatures studied the relationship between the sus-
pension viscosity and the solid phase volume fraction, and obtained a
series of models. However, most of the models assumed that the par-
ticles were spherical and nearly spherical, which was serious different
from the actual situation. The aim of the research was to get a more
accurate prediction model of the suspension viscosity. In this paper, the
malt syrup and the particles with different size and morphology were
chosen as the simulation medium to study. The effects of particle size,
shape and aspect ratio of solid particles on the suspension viscosity
were considered. Finally, a modified prediction model of slag viscosity
were proposed and compared with the experimental data.

2. Experiment

2.1. Experiment material

The solvent used in the experiment was the syrup with a con-
centration of 70%. The density of the syrup was 1.28 g/cm3 at 25 °C.
The solid particles added to the syrup were glass beads (SiO2 > 90%),
wollastonite powders (Ca3(Si3O9)) and quartz sand particles
(SiO2 > 67%). The density of glass beads was 1.5 g/cm3. The average
diameter of glass beads were screened to 68, 83, 100, 187 and 250 μm
respectively. The density of wollastonite particle was 1.3 g/cm3 and its
shape was acicular, the average particle size were screened to 12, 18.75
and 37.5 μm respectively. The aspect ratio of the wollastonite particles

(a) Da =68 m               (b) Da =83 m             (c) Da =100 m

(d) Da =187 m              (e) Da =250 m             (f) Da =187 m

Fig. 1. The SEM images of particles with different sizes, (a)-(e) glass beads, (f) quartz sand particles.
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included 5: 1, 10: 1, 15: 1 and 20: 1 when the size was 37.5 μm. The
density of quartz sand particles was 1.5 g/cm3. Quartz sand particles
were approximate cube whose average size was 187 μm. The SEM
images of the samples are shown in Fig. 1 and Fig. 2. The properties of
the samples are shown in Table 1, where da is the average size of the
particle.

2.2. Experiment method

The shape and aspect ratio of the particle were observed by SV-1510
SEM (Hitachi Company, Japan). The size of particle was measured by
Mastersizer 2000 (Malvern, UK). The suspension viscosity was mea-
sured by a Bohlin CVO rheometer (Malvern, UK) at 25 ± 0.1 °C. The
rheometer is consisted of a cup centered on a turntable with a rotor
concentrically suspended within it. The diameter of rotor and cylinder
was 25 and 37mm respectively. The height of rotor and cylinder was
43.5 and 45mm respectively. The standard silicone oil was used to
calibrate the viscosity and the experimental error was controlled within
1%. The syrup was placed in the annular space between the inner rotor
and outer cylinder for measurement and the particles were added with

the volume fraction of 10%, 20%, 30%, 40% and 50% respectively. The
suspension viscosity was measured by logarithmically increasing the
shear rate from 0.01 s−1 to 100 s−1 over a period of 100 s, then keep
this rate for 50 s. After that, the rate was decreased to 0.01 s−1 within
100 s. The viscosity value at a shear rate of 100 s−1 was used as the
apparent viscosity of the suspension. The yield stress is defined as the
stress at which the sample begins to deform plastically. Measurements
were repeated three times to ensure that the results were reproducible.

3. Results and discussion

3.1. Effect of particle size on viscosity

3.1.1. Suspension viscosity of spherical particles
For spherical particles, the changes of the viscosity of suspension

with different solid phase volume fraction and particle sizes are shown
in Fig. 3(a). It can be seen from the Fig. 3(a) that the suspension visc-
osity increased with the increase of the volume fraction under the same
particle size, and the increase of viscosity was more obvious when the
volume fraction reached 30% or more. When the volume fraction was
10%, the relative viscosity was about 1.2, and when the volume fraction
was 50%, the relative viscosity of the suspension with particle size of
68 μm was 4.17, which increased 2.48 times. However, the relative
viscosity of suspension with particle size of 250 μm was 2.29, which
only increased 0.9 times. This phenomenon could be explained by the
fact that the increase in the volume fraction of solid particles resulting
in the enhance of solid interaction in the unit volume to the same
particle size. The viscous resistance of the fluid flowability raised with
the fluid strength increasing, which resulted the increase of suspension
viscosity. With the same solid phase volume fraction, the suspension
viscosity decreased with the increase of particle size, and the change of
suspension viscosity was more obvious when the volume fraction was
more than 30%. When the solid phase volume fraction reached to 50%,
the relative viscosity increased by about 0.91 times when the particle
size was increased by 2 times. This indicated that the particle size had a
large effect on the suspension viscosity under high solid phase volume

Fig. 2. The SEM images of wollastonite particles with different aspect ratios. (a) 5:1, (b) 10:1, (c) 15:1, (d) 20:1.

Table 1
The properties of the samples.

Material Shape Size/μm Aspect ratio

Glass beads Spherical 68 1
83 1
100 1
187 1
250 1

Quartz sand Cube 187 1

Wollastonite Acicular 12 10
18.75 10
37.5 10
37.5 5
37.5 15
37.5 20
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fraction. The reason was that the interaction of particles in unit volume
was weakened with the increase of particle size, hence decreasing the
suspension viscosity. With the decrease of the solid phase volume
fraction, the probability of interaction between the particles was much
smaller, thus the variation of the suspension viscosity was more obvious
under the high solid phase volume fraction.

3.1.2. Suspension viscosity of non-spherical non-acicular particles
For the non-spherical non-acicular particles, changes of the sus-

pension viscosity with different solid phase volume fractions are shown
in Fig. 3(b). It can be seen from the Fig. 3(b), with the increase of the
solid phase volume fraction, the suspension viscosity also increased.
The result was consistent with the conclusion of spherical particles.
With the same particle size, the non-spherical particle had more influ-
ence on the suspension viscosity than the spherical particle.

3.1.3. Suspension viscosity of acicular particles
For the acicular particles, changes of the suspension viscosity with

different solid phase volume fraction are shown in Fig. 3(c). As can be
seen from Fig. 3(c), the suspension viscosity increased obviously with
the increase of the solid phase volume fraction. When the volume
fraction was 10%, the relative viscosity was about 1.31, and when the
volume fraction reached to 50%, the relative viscosity increased to
about 11.84, rising about 8 times. This indicated that the effect of
acicular particles was much greater than that of spherical particles
under the same solid phase volume fraction. This phenomenon was
particularly obvious at high solid phase volume fraction. While under
the same solid phase volume fraction, the impact of the particle size on
the suspension viscosity was smaller. When the volume fraction was
50%, the particle size increased by 2 times, the value of relative visc-
osity increased only by 0.16 times.

3.2. Effect of aspect ratio on viscosity

The curves drawn from the experiment data are shown in Fig. 4. It
can be seen from the Fig. 4 that as the solid phase volume fraction
increased, the suspension viscosity increased rapidly. When the solid
phase volume fraction was 10%, the relative viscosity of the suspension
was 1.22. When the solid phase volume fraction reached 50% and the
particle aspect ratio was 5, the relative viscosity of the suspension was
7.65, which increased by 5.27 times. However, with the aspect ratio of
20, the relative viscosity of the suspension was 18.91, with an increase
of 14.5 times. With the increase of the aspect ratio, the suspension
viscosity increased under the same solid phase volume fraction, and the
performance was more obvious under the high volume fraction. When
the solid phase volume fraction was 50%, the relative viscosity of the
suspension increased by 1.47 times. This indicated that the effect of the
aspect ratio of the particles on the suspension viscosity was significant.
The result was mainly due to that with the increase in the solid phase
volume fraction, the interaction between the solid phases also in-
creased, resulting in the increase of suspension viscosity. Furthermore,
under the high volume fraction, the greater the aspect ratio, the greater

Fig. 3. Viscosity curves of the suspension with different particles.

Fig. 4. Viscosity curves of the suspension with different aspect ratio particles.
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increase of the suspension viscosity with more frequent interaction.

3.3. Model comparison

Einstein model [22] was widely used among the prediction models
for the suspension viscosity. For low viscosity fluid with hard ball
particles, Einstein assumed that the radius of the hard sphere particles
was much smaller than the radius of the measuring device and much
larger than the molecular radius of the solvent. At the same time, no
interaction between the hard sphere particles was appeared, and the
hard sphere particles were in the laminar flow. In this case, the re-
lationship between the volume fraction of the particles and the viscosity
of the fluids containing the particles was given:

= +η αφ1 ,r (1)

where ηr is the relative viscosity, α is a constant value, which is related
to the shape and variability of the particles. In the Einstein model [22],
the particles are hard spherical and α is 2.5.

However, the Einstein model did not consider the interaction be-
tween particles, it can only be applied to low viscosity fluids. On the
basis of Einstein model, Roscoe gave the equation in the whole con-
centration range [31]:

= −
−η βφ(1 ) .r

2.5 (2)

where β is the correction factor. When the spherical particle size varies,
the value of β is 1. When the volume fraction of spherical particles with
the same size is larger, β is 1.35.

The equations of different models are shown in Table 2. The com-
parison of the viscosity between classic models and experiment data is
shown in Fig. 5. It can be seen from Fig. 5, viscosity predicted by the
classical models differed greatly with the actual viscosity, especially
when the solid phase volume fraction reached above 30%, and the gap
was more obvious. With different particles, these models could not
made accurate predictions. These models only considered the effect of
solid phase volume fraction on suspension viscosity, while ignoring
other factors (particle size, particle shape, particle aspect ratio). Thus
limitations in the prediction of the suspension viscosity of the classical
models were existed. Results showed that it was necessary to build a
model which considered the effect of three factors on the suspension
viscosity. The prediction of the suspension viscosity must have better
applicability with suspension containing different particles. According
to the comparison, Einstein-Roscoe model was used in this study be-
cause of its better agreement with the experiment data.

3.4. Model modification

Roscoe assumed the particle content as the main influencing factor
in the Eq. (2), without considering the effect of the particle shape. In Eq.
(1), α represented the effect of particle deformability and shape on the
viscosity of the particulate fluid. Therefore, this study focused on the
impact of particle morphology on the suspension viscosity. The factor
(β) was introduced into the Einstein-Roscoe model in order to improve
the accuracy.

From the above analysis, it can be seen that the particle size, particle
shape and particle aspect ratio had a certain impact on the suspension
viscosity. For the same particle shape and aspect ratio, the viscosity of

the suspension with the same volume fraction of particles increased
with the decrease of the particle diameter. For the same particle size
and aspect ratio, the effect of the non-spherical particles on the sus-
pension viscosity was larger than spherical particles. For the same
particle size and shape of the particles, the greater the aspect ratio, the
greater changes in the suspension viscosity. Therefore, it was necessary
to study the comprehensive impacts of the three factors on the sus-
pension viscosity. The experiment data were used to modify Eq. (2), and
the correction factor was expressed as:

=β β β β ,1 2 3 (3)

where β1, β2 and β3 were the correction parameters respecting to par-
ticle size, shape and aspect ratio respectively. In addition, considering
the aspect ratio of 1, the difference between the spherical particles and
the cube particles showed that the particle shape had greater impacts
on the suspension viscosity. The spherical degree was introduced. Ac-
cording to the literature, the spherical degree of cube was 0.81 [40].

From the Figs. 6 and 7, it can be seen that the relationship between
the correction factor β and the influencing factors was exponential with
the semi-logarithmic coordinates. With the increase of the particle size,
the value of β decreased. The minimum value reached 0.55. Under the
same particle size, minor difference in the value of β of the different
solid phase volume fractions was within acceptable limitations. With
the increase of the particle aspect ratio, the value of β also increased,
and the maximum value reached to 1.38. Considering the different in-
fluencing factors separately, the basic form of equations between β and
the influencing factors are given in Table 3.

Through the fitting of the experiment data and the use of Eq. (3), β
can be expressed as:

=
− −β Ce e0.9672 ,d θ0.0022 0.0126( 1) (4)

where β was the correction factor, d was the particle size, θ was the
particle aspect ratio. C was constant, which was related to the particle

Table 2
Equations of different models.

Model Equation

Einstein = +η φ1 2.5r [22]
Einstein-Roscoe = −

−η φ(1 )r
2.5 [31]

Batchelor = + +η φ φ1 2.5 6.5r
2 [39]

Vand-Roscoe = −
−η φ(1 1.35 )r

2.5 [31]

Fig. 5. The comparison of the viscosity between classic models and experiment data.

Fig. 6. The relationship between β1 and the different size of glass beads particles.
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shape, when the particles were spherical, C was 1, when the particles
were non-spherical, C was 1.235.

The viscosity of the suspension with different solid phase volume
fraction was predicted by the Eq. (2). The comparison of the prediction
results and the actual values are shown in Fig. 8. The cross axis in-
dicated the suspension viscosity obtained by experiment. The vertical
axis indicated the suspension viscosity obtained by the model. It can be
seen from the Fig. 8 that the values calculated by model and experiment
results agreed well the average relative error of 4.3%. However, Ac-
cording to calculation, the average relative error of Einstein, Einstein-
Roscoe, Batchelor and Vand-Roscoe were −123.8%, 34.9%, −79.5%
and 83.9% respectively.

4. Conclusion

In this paper, the factors that affect the suspension viscosity were
mainly studied, including the particle size, shape and aspect ratio of the
solid particles. The Einstein-Roscoe equation was modified on the basis
of a series of experimental data, and the model of the suspension

viscosity respecting to the solid phase volume fraction was obtained.
The conclusions are as follows:

(1) The suspension viscosity increased with the decrease of the particle
size under the same volume fraction of particles, and the suspension
viscosity increased more obviously under the high solid phase vo-
lume fraction.

(2) Particle shape also had effects on the suspension viscosity, and the
effect of the non-spherical particles on the suspension viscosity was
larger than that of the spherical particles

(3) The suspension viscosity increased with the increase of the particle
aspect ratio, and the larger the aspect ratio, the more the suspension
viscosity increased.

(4) Based on the influence of three factors, the equation of suspension
viscosity respecting to the solid phase volume fraction was ob-
tained, and the prediction results of the suspension viscosity agreed
with the experiment data. However, this paper simplify the influ-
ence of maximum packing fraction and shear rate on the suspension
viscosity which would be studied in future work.
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