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Introduction

Numerous technical applications in the energy and metallurgical industries demand a
fundamental knowledge of the flow of slags. As an example, in entrained flow
gasification of solid fuels the molten oxide slag has to be continuously removed from
the gasifier. A viscosity of the slag below 25 Pa*s is desirable?.

Many experimental investigations on the influence of composition and temperature
on the viscosity of slags have been conducted as summarised for example by Allibert
or Vargas® 3. The dependence on temperature for fluids in general is described by the
Arrhenius-law which can be expressed as:

n = A*exp(E/(R*T)), (1)

where 1 is the dynamic viscosity, T is the absolute temperature, E is the activation
energy for viscous flow, R is the gas constant, and A is a composition-dependent
constant. The decrease of temperature results in an exponential increase of viscosity
according to the Arrhenius law. For most technical applications, the influence of
pressure is negligible due to the low effect of pressure on fluids. Silicate melts behave
in this regard similar*. The influence of composition on the viscosity is more
complicated. Molten slags are treated as a mixture of oxides. Based on the network
theory postulated by Zachariasen®, these oxides are categorised regarding their role in
the network as network former (e.g. SiO2), network modifier (e.g. CaO, MgO, FeO,
Na;O, K20) or amphoteric (e.g. Al,03, Fe;03). A network former can increase the
viscosity, whereas a network modifier usually decreases the viscosity by breaking the
bonds between silicon ions and oxygen ions of the tetrahedral structure. Depending
on the composition, an amphoteric can behave as either a network former or a
network modifier. Different empirical and semi-empirical models such as the Urbain
model® have been proposed to describe the viscosity of a slag. These models are
usually limited to a specific composition range.

Below the melting temperature some slags show a steep increase of viscosity deviating
from the Arrhenius law. At this so-called temperature of critical viscosity (Tcv) the fully
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molten slag transforms into a partially crystalline slag” & The crystalline phases
increase the viscosity and also influence the flow behaviour, therefore non-Newtonian
flow may occur?” °.

During recent years IEK-2 of Forschungszentrum Jilich and GTT were given the
opportunity to cooperate in the framework of several projects on the development of
a novel thermochemical database and a new viscosity model. In addition, own
experimental work could be carried out to investigate the behaviour of fuel slags and
related oxide systems.

Experimental

High-temperature viscometer

A viscometer RC1 (Rheotec, Dresden, Germany) is used in combination with a furnace
developed in-house as schematically shown in Figure 1. In the furnace, there is a dense
alumina tube surrounded by three MoSi; heating elements, enabling measurements
up to 1700°C. The slag containing crucible is placed on the top of a second alumina
tube within a zone of constant temperature. The temperature of the specimen is
controlled by a thermocouple Type S, placed directly below the crucible, enabling a
precise temperature measurement as close to the slag as possible. The viscometer is
attached by a universal joint to a magnetic coupling, which encloses the heating room.
Crucible and spindle have a diameter of 26 mm and 14 mm, respectively. Both consist
of molybdenum, because of the high melting point and the good resistance regarding
oxide melts. To prevent them from oxidation measurements are conducted in Ar/4%
H,. The length of the spindle is about 250 mm. The short length offers a stable
concentrically rotation of the spindle during the measurement.

Viscometer

Universal joint

Magnetic coupling

Crucible and spindle

Thermocouple

Figure 1: Schematic drawing of the high temperature viscometer

The approach is based on the wide-gap concentric cylinder method. The ratio of inner
radius to the outer radius is a crucial criterion for the flow pattern between the wall of
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the crucible and the rotating spindle during the viscosity measurements°. Due to the
ratio (ro/ri = 1.86) employed the system is non-ideal and has to be calibrated.
Calibration was performed using the standard glass G1 (PTB, Germany). The calibration
was validated by measuring two additional standard glasses, DGG1 (HVG, Germany)
and G3 (PTB, Germany). The maximum deviation between the experimentally
determined viscosities and the reference values was about 10%.

Measurement procedure

Stepwise and isothermal measurements are used to characterise the evolution of
viscosity. During stepwise measurements, the slag is cooled stepwise to a lower
temperature, starting from a temperature above the fluid temperature of the ash
determined by an ash fusion test (AFT). To ensure homogeneity the slag is stirred by
the spindle during cooling and at constant temperature. After achieving thermal
equilibrium, the measurement is started. First, the maximum shear-rate is
determined. Therefore, the rotational speed is increased until the maximum torque is
reached. This is required to enable a measurement over a wide range of shear-rates
to increase the accuracy of the measurement. Then the shear-rate is increased
stepwise until reaching the maximum. In these measurements Tcy and the onset of
non-Newtonian flow behaviour indicate the crystallisation.

The second procedure is a method to investigate the evolution of flow during
crystallisation under isothermal conditions. The measurement consists of three parts.
In the first step, the slag is melted by heating above the fluid temperature. After
waiting for at least 30 min the sample is cooled down to the targeted experimental
temperature with a constant cooling rate of 10 K/min. During this time the slag is
already stirred to ensure homogenisation. Then, the isothermal measurement is
conducted. The temperature is held for a certain duration, depending on the
crystallisation behaviour of the slag. A low shear rate is chosen for the isothermal
measurement, as the stirring influences the crystallisation behaviour!®. At the end of
the measurement the flow behaviour is investigated by raising the speed of the spindle
until reaching the maximum torque. The isothermal procedure is repeated for
different temperatures to get a detailed view on effects of crystallisation on the flow
of coal ash slags.

Experimental results

As an example, results of measurements for a German hard coal ash (ST-D-2) are
presented’?. Its composition is given in Table 1. Figure 2 shows the results of the
stepwise measurements. For comparison, also the results of a German lignite coal ash
(HKT) are presented. The plotted viscosity is the average of 20 shear dependent
measurements at each temperature step. Consequently, an apparent viscosity is
described at temperatures below Tcv. Both slags show ideal behaviour above 1250°C,
which can be described by the Arrhenius-law. However, for temperatures below
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1250°C HKT shows a non-ideal abrupt increase of viscosity due to crystallisation. In
contrast, there is no clear indication of crystallisation for ST-D-2.

Table 1: Composition in wt% of the ashes from the coals HKT and ST-D-2 ashed at
815°C, analysed by ICP-OES, and normalised according to the highest oxidation state
SiO; Al,O3 Cao Fe,03 MgO K20 Na,0 TiO;

ST-D-2 47.1 23.3 8.2 11.2 4.6 2.5 1.6 <1
HKT 52.4 20.0 14.2 2.5 5.9 <1 2.7 1.3
400
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Figure 2: Apparent viscosity of the slags HKT and ST-D-2 plotted versus temperature

Figure 3 shows the results of the isothermal measurements on STD-2, which offer the
possibility to investigate the evolution of viscosity as function of time with
temperature step-wise held constant. The results indicate crystallisation during the
isothermal measurement. The process of crystallisation induces a time dependence of
the apparent viscosity at temperature below 1200°C. The effect of crystallisation is
significant and strongly increases the apparent viscosity. The results illustrate the
importance of temperature as well as time in crystallisation processes.

The evolution of viscosity in experiments with targeted constant temperatures below
the melting point can be divided into four parts. The first part is the thermal relaxation,
which is not shown in Figure 3. The cooling of the sample to the targeted temperature
causes a strong rise of viscosity. The viscosity increases according to Arrhenius
exponentially with linear temperature decrease. The second part is the incubation.
This lag time is the sum of two characteristic times, the time needed for the formation
of a sufficient number of critical nuclei and the time required arriving at a constant
rate of crystal growth. In the range of lag time the apparent viscosity is invariant. The
third part is the crystallisation. The beginning of crystallisation is observed due to the
increase of viscosity. The nucleation rate and the rate of crystal growth influence the
development of crystallisation rate and therefore the evolution of viscosity. The fourth
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and last part is the rheological equilibrium. The viscosity is time invariant in this part.
The process of crystallisation finishes, the liquid slag is in equilibrium with the solid
precipitates. It cannot be excluded that crystallisation of another phase will begin. The
time durations for the measurement are not completely sufficient to describe the
thermodynamic equilibrium, so the term rheological equilibrium is used.
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Figure 3: Results of the isothermal viscosity measurements for ST-D-2

Viscosity modelling

As the experimental results reveal, a model for an accurate description of the flow of
a slag in a wide range above and below its melting temperature needs to consider the
viscosity of the melt itself depending on chemical composition and temperature as
well as the physical and chemical influence of the precipitating crystals. Therefore, a
new structure based model, which we call the modified Arrhenius model, has been
developed to describe the viscosity behaviour of fully molten slags!®!4. Since the
structure of the slag is derived from thermodynamic calculations using our new
database, a short overview of our thermochemical assessment work will be given first.
Finally, a concept to extend the model from fully molten slags to partially crystallised
slags is introduced.
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Thermodynamic modelling of oxide systems

This chapter is supposed to give an overview of the models used and the present state
of the database. Detailed reports on several of the assessments of subsystems can be
found in respective publications®>??,

The different phases in the respective binary, ternary and higher-order subsystems
have been treated with Gibbs energy models which reflect their respective
peculiarities. The simplest case for modelling are the solid stoichiometric compounds,
i.e. solids with a given chemical formula such as Al,03, since these only have a
temperature dependent G°(T)-function, usually of the type:

G® = A+ B*T + C*T*In(T) + D¥T2 + E¥T3 + F/T (2)

However, often such stoichiometric compounds are actually end members of solids
solutions, in the case of Al,Os it is the corundum phase with the component oxides
Al,O3, Fe203 and Cr,0s. One could argue that these three represent the end members
of a substitutional solution. However, even this phase is best treated by a multi-
sublattice approach, here with one sublattice for the three trivalent cations and one
for the divalent oxygen anion: (AI**,Fe3*,Cr3*);(0?%)s. A more striking case is the spinel
solid solution with the phase formula (AI**,Fe?*,Fe3*,Mg?*,Cr?*,Cr3*)1(AI?*,Ca?*,Fe?,
Fe3*,Mg?*,Cr3*,Va°)(Fe?*,Mg?*,Cr?*,Va°)(0%)a4. In this case, there are three sublattices
on which mixing between different cations and even vacancies Va takes place while
the oxygen anion sublattice has fixed occupancy. The general Gibbs energy equation
for multi-sublattice phases was given by Sundman and Agren?? and reads:

Gm = Z PI()(Y)OGIO +T-R Z A Z yi(S) ln(yl(S)) + z Pll(Y)Lh + Z PIZ (Y)LIZ + ... (3)
Ip s=1 i=1 I 5

In this, lp is a constituent array of zeroth order specifying one constituent in each
sublattice, i.e. an end member compound of the phase, Pi(Y) is the product of the
constituent fractions specified by lo, °Gi, is the compound-energy parameter
representing the Gibbs energy of formation of the compound lo, as is the number of
sites on each sublattice, and yi® is used to denote the constituent fraction of | on
sublattice s. For details see for example Lukas, Fries and Sundman?3.

The liquid phase, often called slag in the context of oxide databases, which exhibits on
the one hand short-range ordering, i.e. strong attractive interactions, and on the other
hand ranges of immiscibility, i.e. strong repulsive interactions, was modelled using the
non-ideal associate model according to Spear and Besmann?* described in more detail
elsewhere®. The Gibbs energy of formation of the associates essentially represents
the strong attractive interactions while the repulsive interactions are treated by the
classical Redlich-Kister polynomial.
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Gm:inGi0+R-T2xilnxi+ZinijL8’)(xi—xj)" (4)
v=0

i<j

In this equation, the summation index i includes both the component oxides and the
associate species. The G°- and L-parameters in the above equation are temperature
dependent as in Equation (2). It should however be noted that for the L-terms usually
only the first two terms are needed.

Up to now, a self-consistent thermodynamic database for the system Al,O3-Al,S3-CaO-
CaF,-CaS-Cr;03-FeO-Fe,03-FeS-Mg0O-MgS-MnO-Mn,03-MnS-K;0-K2S-NazO-NazS-
P20s5-Si0,-SO3 has been established which permits the calculation of phase diagrams
and thermodynamic properties for any composition and temperature. Using this
database, a good agreement in terms of phase diagrams and activities is achieved as
shown elsewhere®>21, Furthermore, the modified associate species model can give a
reliable distribution of associate species, which is consistent with the experimentally
determined Q" species distribution as shown in Figure 4 for the system SiO;-Na;O, in
which the species Q?, Q3 and Q* correspond to the associate species Na,SiOs, Na;Si>0Os
and SiOy, respectively. Thus, the associate species distribution gives a good base to
represent the internal structure of the molten slag.

Modelling of the viscosity of oxide melts

As shown in Equation (1), the Arrhenius-like models can effectively calculate the
viscosity of a system, which consists of only one species. Equation (1) can be
transformed to the logarithmic form:
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Figure 4: Normalised distribution of associate species for the system SiO,-Na,O

Inn=A"+1000 * B/T, (5)
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where: A’ = In A and B = E/(1000*R). However, calculating the viscosity of a
multicomponent melt, which consists of various species, is challenging.

Each associate species used for the thermodynamic description of the melt represents
one kind of structural unit as shown before. Therefore, the slag structure can be
described with the associate species distribution at some level. However, using this
distribution is not sufficient, since the associate species themselves are not sensitive
to their own connectivity. In pure silica melt, for example, the structure is described
with only one associate species SiO,, even though the pure silica melt consists of
various silica clusters?®, which can be related to the connectivity of the associate
species SiOz. A higher degree of connectivity, which can be reflected by the degree of
polymerisation reaction, results in a larger structural unit, and therefore an increased
viscosity. The viscosity of the system consisting of various species, therefore, can be
described with two parts: an ideal viscosity part and an excess viscosity part. The ideal
viscosity part is based on the assumption that every associate species is a discrete
structural unit without any polymerisation. The excess viscosity part results from the
critical silica polymerisations that have significant contributions to the viscosity. In the
SiOz-based systems, the excess viscosity part can be described by relying on two
common critical silica clusters, i.e. (SiOz2)n1 and (SiO2)n2, which result from the self-
polymerisation of silica. Consequently, the viscosity is calculated by Equation (6):

i

17“7 = lnnideal +in Nexcess = (Z Xi l"’?i) + (lTl nSiOZ—pol.) (6)

where:

J— . . n; .
In ni=Ai+Bi/T, InNsio,—pot. = z(A(SiOZ)nj + B(SiOZ)nj /T)- (XSiJOZ),J =12
J

Nideal aNd Nexcess are the ideal viscosity part and the excess viscosity part, respectively;
Xi is the mole fraction of the monomeric associate species i; ni is the viscosity
contribution from the monomeric associate species i; nsio2-pol. is the excess viscosity
part resulting from the critical silica polymerisations; n; is the integer coefficient that
relates to a particular polymerisation degree; Ai and B; are the temperature and
composition independent constants respectively for the ideal viscosity part; Asio)nj
and Bsioz)nj are the temperature and composition independent constants respectively
for the excess viscosity part; T is the absolute temperature; and X"si0; is the weighting
factor indicating the relative contribution of the excess viscosity part. The weighting
factor is derived from the mole fraction of the critical silica cluster according to the
chemical equilibrium between the monomeric associate species SiO; and the critical
silica cluster (SiO2)n;:

-
X(Sioz)nj = Knj 'XSiJOZ (7)
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where Xsioz)nj is the mole fraction of the critical silica cluster (SiO2)n; and Ky is an
equilibrium constant for a particular degree of polymerisation. To simplify the
equation, Kn; is implicitly incorporated into the model parameters Asio2)nj and Bysio2)n;.
Moreover, a possible dependence of K, on temperature is ignored.

In the Al>Os-containing multicomponent systems, three kinds of Al3*-containing
associate species are employed to describe the Al**-induced structural change, i.e.
non-tetrahedrons, Al**-based quasi-tetrahedrons, and Al**-based quasi-tetrahedrons
bonded with SiO, tetrahedrons. These associate species indicate the different
structural roles of AI** depending on composition and temperature and they are in
dynamic equilibrium with each other.

For the type of non-tetrahedrons, e.g. in Al2O3, AlgSio013, and NazAls07, AI** plays the
role of a network modifier. When Al** is charge-compensated by Ca?*, Mg?*, Na* or K*
and forms a quasi-tetrahedron, e.g. in CaAl,04 and NaAlO3, AlI** behaves as a network
former. Although these Al**-based quasi-tetrahedrons behave like a silica tetrahedron,
these quasi-tetrahedrons themselves are not capable of forming large network
structures. However, in case of quasi-tetrahedrons bonded with SiO; tetrahedrons,
e.g. NaSiAlOs and NaSizAlOg, large network structures can be formed by
polymerisation.

To effectively describe the excess viscosity part for the Al,Osz-containing
multicomponent systems, two kinds of polymerisation are introduced, which are
described as self- and inter-polymerisation. It is assumed that both the Al**-based
quasi-tetrahedrons and silica tetrahedrons can self-polymerise. The self-
polymerisation of silica is already described in Equation (6). A similar term is
introduced to the excess viscosity part resulting from the self-polymerisation of the
Al**-based quasi-tetrahedrons bonded with silica tetrahedrons. Besides the self-
polymerisation, the Al3*-based quasi-tetrahedrons can inter-polymerise with the silica
tetrahedrons, which is considered by another excess viscosity part. Hence, the
viscosity of the Al;0s-containing multicomponent systems is described with
Equation (6), where the In nexcess term is replaced by the following Equation (8):

In TNexcess = In Nself-pol. In Ninter-pol. (8)

N
= Z(A(Sioz)nj +Bsioy), /T (x50,
J

+ Z(A(Si—Al)k + Bsi-an, /T) - (X?ski_Al)k)
R

+ Z(A(Si—Al)m + Bsi-an,, /T) - (X(Si—Al)m -XE;BZ)
m
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where j =1,2; k=1,2,3...; m = 1,2,3...; (Si-Al)x and (Si-Al)m, are the silicon-aluminium
based ternary associate species; nx and nm are the integer coefficient that relates to a
particular degree of self-polymerisation and inter-polymerisation, respectively.

The capability of the model shall be demonstrated by two examples of challenging
viscosity behaviour of oxide melts, namely the lubricant effect and the charge
compensation effect. The so called lubricant effect, described by Avramov et al.?®,
occurs in the SiOz-based systems, in which the network modifiers, such as Al,Os, CaO,
MgO, Na20 and K20, play the role of lubricants allowing silica clusters to glide more
easily with each other. Thus, the viscosity of molten silica decreases drastically when
a small amount of network modifiers is added into the pure silica melt. In the current
viscosity model, such structural change can be described by the monomeric associate
species and two common critical silica clusters (SiO2)s and (SiOz2)10e. As an example,
Figure 5 shows the binary system SiO;-Al;03, which can be reproduced well for the
temperature range 1800-2200°C.

14 - .
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Figure 5: Comparison between experimental data and calculated data in the binary
system SiO;-Al;03

The charge compensation or amphoteric effect, where amphoterics like Al,03 and
network modifiers like CaO, MgO, Na,O and K,O behave in combination as network
formers, causes a local viscosity maximum as exemplarily shown in Figure 6 for the
system SiO,-Al,03-Na;0. This effect is naturally reflected by the calculations since the
charge compensation species, in this system NaAlO;, NaSiAlOs and NaSisAlQs, are
already associates that were chosen for the thermodynamic assessment.
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Figure 7: Comparison between experimental data and calculated data in the system
Si0;2-Al203-Ca0-Na;0

For quaternary and higher order systems, the viscosity is extrapolated from the
corresponding lower order systems without introducing additional associate species
and additional model parameters. As an example, Figure 7 shows the dependence of
the viscosity on temperature for several compositions in the system SiO,-Al;03-Ca0O-
NayO. It is noted that the viscosities of the four slags follow the order slag 1 > slag 2 >
slag 3 > slag 4, which is caused by the charge compensation effect. This order is
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consistent with the order of the sum of the SiO, and Al;Os contents although the
amount of the charge compensators might not be enough for slag 1.

Influence of crystallisation

As illustrated in Figure 8, crystallisation has a physical as well as a chemical effect on
the viscosity of a slag since it does not only transform the liquid into a dispersion but
also changes the composition of the residual liquid, if it does not have a eutectic
composition or is a pure oxide. The viscosity of the equilibrated partially crystallised
slag Meq is calculated based on the viscosity of the super-cooled slag msc. By
thermodynamic equilibrium calculations the amount and composition of crystalline
phases and remaining melt is calculated in dependence of temperature. Two factors
are defined to describe the chemical and physical effect, respectively. The relative
chemical viscosity nr,chem (Equation (9)) describes the effect caused by the change in
chemical composition of the remaining melt (Rm) and the relative physical viscosity
Nrehys (Equation (10)) the influence of particles. Thus, the viscosity of the partially
crystallised melt under equilibrium can be calculated according to Equation (11). It
shall be noted, that the change in chemical composition can either cause an increase
of the viscosity, as shown in Figure 8, if the relative amount of network formers
increases, or a decrease of the viscosity, if the relative amount of network modifiers
increases.

Viscosity

A A partly-crystallized melt

M

r, phys

stallization

'nr, r Viscosity

Viscosity

remaining melt

'nr,chem
Viscosity

supercooled melt

Time
Figure 8: Concept of relative chemical and physical viscosity

Nr,chem = MRm / Nsc (9)
Nr,phys = Neg / Nrm (10)
NEq = Nr,chem * MNr,phys * MNsc (11)

The thermodynamic description can be extended by a kinetic description of the
crystallisation process. Frequently the Kolmogorov-Avrami equation?” 28
(Equation (12)) is used to describe the overall bulk isothermal crystallisation. As it uses
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morphological information together with crystallisation mechanismes, it is capable of
expressing the dependency of crystal volume with respect to time.

X(t) = 1 - exp(-K*t") (12)

In this equation x(t) is the degree of crystallisation at time t. The equation contains two
parameters K and n, with n characterising the dimensional crystallisation growth.

The physical effect of particles depends on several parameters, e.g. volume, size and
shape of particles. However, the volume fraction of the dispersed phase is the most
crucial parameter. Einstein?® developed one of the first theories for infinitely diluted
solutions containing spherical particles. As seen from the Einstein
Equation (Equation (13)) an increase of the volume of dispersed phase ¢ will lead to
an increase of relative physical viscosity Trphys. Roscoe3? extended the model to
describe the flow of semi-concentrated dispersions. The so-called Einstein-Roscoe
model (Equation (14)) is capable of describing the strong increase of relative viscosity
by particle interactions at higher volume fractions of dispersed fluid. With further
increasing crystalline volume non-Newtonian flow behaviour occurs. Since the
mathematical nature of models derived from the Einstein-equation assumes
Newtonian flow, power-law models like the Ostwald-de Waele3! equations
(Equation (15)) need to be consulted to describe the non-Newtonian flow of
concentrated two-phase fluids depending on shear rate. In Equation (15) the
consistency parameter K and the flow index n are necessary to describe the
dependency of shear stress on strain rate of a non-Newtonian fluid. The flow index
varies between shear-thinning (n < 1) and shear-thickening (n > 1). Depending on the
volume fraction of dispersed phase derived from thermodynamic calculations, a
suitable model for the calculation of the relative physical viscosity N pnys needs to be
selected.

Nrphys =1 +2.5¢ (13)
Nrphys = (1-b * ¢)2° (14)
Nr,phys = K * ]'/n—l (15)
Conclusions

Besides temperature and composition, which determine the internal structure of an
oxide melt, crystallisation in the slag significantly influences its flow behaviour.
Therefore, not only the temperature dependent viscosity of fully liquid oxide slags was
determined using a rotational high-temperature viscometer but also isothermal
viscosity measurements were conducted, in order to examine the rheological
evolution over time caused by the crystallisation. The crystallisation during flow can
be separated into three time regimes: a lag time, in which the undercooled melt
behaves as an Arrhenius-liquid; the kinetic-driven crystallisation; and finally, the
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rheological equilibrium that is represented by a time-invariant viscosity plateau. To
model the viscosity of oxide slags, in a first step a self-consistent thermodynamic
database for multi-component oxide systems has been established. The Gibbs energy
of the liquid phase has been modelled using a non-ideal associate solution description.
In a second step, an Arrhenius-type model for the calculation of viscosities of fully
molten slags has been developed. The model is based on the same structural units, i.e.
the associates, as used for the Gibbs-energy model of the melt. In addition, by
introduction of self- and interpolymerisation terms, the charge compensation effect
and the lubricant effect (near pure SiO;) can be described well with the new model. In
a third step, the influence of crystallisation, which not only transforms the liquid into
a dispersion but also usually changes the composition of the remaining liquid, on the
viscosity is considered.
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