
Optimization of Slag Mobility of Biomass
Fuels in a Pilot-scale Entrained-Flow Gasifier

The bioliq� process, developed at the Karlsruhe Institute for Technology, aims at
the production of synthetic fuels and chemicals from biomass. The bioliq� tech-
nology is based on a two-step process with decentral pyrolysis for the production
of a transportable slurry from residual biomass and the central entrained-flow
gasification of the slurry by using biomass-to-liquid technology. This study is
focused on the slag, which is formed by melting the inorganic ash components
during gasification. To operate the gasifier smoothly, a range of desired viscosity
has to be defined. A structure-based viscosity model was used to predict the
viscosity of the slags at the gasifier outlet. A good agreement between experimen-
tal and calculated viscosities is achieved for fully liquid slag systems.
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1 Introduction

The synthesis of biofuels by Biomass-to-Liquid (BtL) technolo-
gies displays a CO2-neutral alternative to liquid hydrocarbon
fuels, which are derived from fossil energy carriers. The bioliq�

concept as an example for BtL technologies provides the
opportunity to achieve the conversion of low-grade biogenic
feedstocks to high-grade synthetic fuels. Usable are dry biogen-
ic feedstocks like straw from agriculture or wood residues. Due
to low volumetric energy densities, the feedstocks are pre-
treated by fast pyrolysis at temperatures around 500 �C under
inert-atmospheric conditions. The end products are char,
organic condensates, and noncondensable components. The
condensates and the solid char are mixed to form an inter-
mediate fuel called bioSyncrude� [1–3].

The bioSyncrude� is used as feedstock for the pressurized
entrained-flow gasifier in the next step of the process chain to
gain a tar-free and low-methane syngas [4–7]. At high temper-
atures of > 1200 �C and pressures of 40–80 bar, the ash of the
slurry melts and forms a slag layer, which flows down the inner
reactor wall. On the one hand, this slag protects the refractory
material from corrosion (Fig. 1). On the other hand, a slag with
high viscosity will block the gasifier outlet. Therefore, the
mobility of the slag has to be controlled to prevent stalling of
the protective layer at too low viscosity and avoid blockages of
the gasifier at too high viscosity [6]. For higher cold gas effi-
ciency and minimizing the heat loss, low operation tempera-
tures are preferred. Hereby, viscosity is one limiting factor
because a decrease in operation temperature leads to higher
viscosities that could result in the blockage of the outlet and
even an unscheduled shutdown of the gasifier.

The slag viscosity is dependent on temperature, pressure,
and chemical composition [8–10]. Additionally, the liquidus

temperature has to be considered as a threshold for the start of
crystallization, although supercooled melts may remain. Due to
crystallization, a partial melt is present consisting of a liquid
part and solid crystals. An increasing amount of crystals will
influence the viscosity chemically and mechanically [11, 12].
Although some viscosity models assume a crystallized part of
up to 40 % without significant impact [11], the viscosity behav-
ior induced by crystallization is complex and this needs to be
avoided in general during gasification. The impact of slags on
the gasification process is depending on the chemical composi-
tion of the melt, the form of the crystals, and the environment
of melt formation [13, 14].

The main chemical component in the investigated slags is
the network former SiO2. According to the common network
theory, slags with high SiO2 contents tend to form supercooled
melts characterized by the suppression of crystallization below
the liquidus temperature. Therefore, SiO2-based melts are pre-
ferred to guarantee the flow of the slag out of the gasifier.
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Unfortunately, these supercooled melts are usually character-
ized by high viscosity [15]. To achieve the desired low viscosity
in the bioliq� gasifier, the addition of flux material to the SiO2-
rich feedstock is an established technique. As fluxes alkaline
metal oxides, e.g., Na2O, can be applied, which reduce the vis-
cosity as network modifiers according to the network theory
[16].

For the smooth gasifier operation, a viscosity range of
5–25 Pa s inside the gasifier is suggested [17] and has to be
achieved by adjusting the chemical composition with fluxing or
the temperature. It should be mentioned that the suggested vis-
cosity range is not constant and depends on the individual
design of the gasifier. The real-time viscosity values inside the
gasifier are difficult to determine because of lacking corre-
spondence for the chemical compositions of feedstock ash, the
slag at the reactor wall, and the slag from the outlet of the reac-
tor. Therefore, a range of viscosity instead of a specific value is
in general defined as a benchmark for ideal working conditions
of the gasifier, in addition to the consideration of the slag as a
protective layer of the refractory material from corrosion. Since
direct viscosity measurements of the slag at the reactor wall are
not feasible, viscosity modeling is proposed as a promising
approach to achieve reliable results.

The existing viscosity models for oxide melts can be divided
into structure-based and nonstructure-based models. Non-
structure-based models do not consider various structures
resulting from interactions between the different components
in the slag [18–20]. Therefore, their application is limited for
specific systems and temperature ranges. Structure-based mod-
els are more complex and take interactions between the slag
components into account [21]. Their application is still limited
to certain systems [22–24]. To describe the complex influence
of slag components on the viscosity of biomass slags, the struc-
ture-based model developed by Wu et al. [24–28] was applied
in this study.

2 Experimental

2.1 Materials

This study is based on slag samples col-
lected at the outflow of the entrained-flow
gasifier, which is integrated in the bioliq�

process at the KIT [1–3]. Model fuels were
prepared to guarantee a constant and well-
known chemical composition. Ethlyene
glycol (Gly) or a pyrolysis oil from beech
wood from a barbecue coal production unit
‘‘Profagus’’ (Prof) was used as model liquid
phase with similar properties to liquid parts
of the bioslurry, e.g., low or no ash content.
Na-rich glass pearls from glass-blasting
(Na-G) were used as solid phase and dis-
play the behavior of the alkali-rich ash con-
tent in bioslurries. The chemical composi-
tion of the model feedstocks is given in
Tab. 1.

For decreasing the viscosity of the slag inside the gasifier, sev-
eral Na compounds, i.e., Na-oxalate (Na-Ox) and NaOH, were
added to the feedstock (Tab. 1). The gasifier operates at temper-
atures > 1200 �C and pressures of 40 bar using oxygen and
steam as gasification agents. The slag of the model fuel flows
down the reactor wall and exits the reactor with the synthesis
gas at the bottom. During the quenching process, the molten
slag solidifies and forms solid aggregates, which are used as slag
samples for viscosity determination in this study (Fig. 1).

For characterization of the slag samples, the chemical com-
position of the investigated slags is given in Tab. 2. Due to
high-temperature conditions, ash components dominate the
composition of the slag samples. According to their chemical
composition, two groups were defined. SiO2-dominated sam-
ples are represented by V82 and pure Na-G. The two samples
of this group do not differ significantly in chemical composi-
tion. Small changes of chemical composition between the sam-
ples V82 and pure Na-glass can be caused by regular chemical
deviation of samples inside the gasifier.

The second group is the one of Na2O-enriched samples.
Here, Na2O was added in form of Na-Ox in V79 and as NaOH
in V86 and V87 to reduce the slag viscosity. The Na2O-based
fluxes were combined with Na-G to guarantee the formation of
a molten slag layer. The addition of NaOH in V86 results in
higher Na2O contents than in V79. The reduced amount of
NaOH in V87 leads to lower Na2O contents.

2.2 Methods

2.2.1 High-Temperature Viscosimetry

The experimental determination of the slag viscosity was con-
ducted by high-temperature viscosimetry. Mo was chosen as
material for the crucibles and spindles because of its inert
behavior to oxide melts. However, Mo oxidizes at high oxygen
partial pressures. Therefore, an Ar/4 vol % H2 atmosphere was
employed to guarantee a sufficient reducing environment
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Figure 1. Schematic diagram of an entrained-flow gasifier and slagging.
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during the viscosity measurement. The bioliq� slags were
grinded to a size of < 1 mm and melted in Mo-crucibles under
Ar-H2. When the necessary amount of molten slag was reached
in the crucible, the samples were inserted in the vertical tube
furnace of the high-temperature viscosimeter. A rotational vis-
cosimeter RC1 (Rheotec, Germany) was used to determine the
viscosity in the temperature range 900–1600 �C. The tempera-

ture was measured with a thermocouple directly below the
sample at the bottom of the crucible, and a deviation of
approximately 25 �C was observed between the thermocouple
and the temperature of the sample inside the crucible, which
has been already considered and calibrated before the viscosity
measurement. Seebold et al. [12, 15] described the in-house
developed instrumental setup (Fig. 2) in detail.
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Table 1. Chemical composition of the feedstock.

Chemical composi-
tion

Model fuel

SL111 (V82) SL108 (V79) SL122 (V86) SL124 (V87)

Gly + 4.5 wt %
Na-G

Prof + 3 wt % Na-G +
4.5 wt % Na-Ox

Profagus 3 % Na-G 5 % NaOH Profagus 3 % Na-G 3.3 %
NaOH

C [wt %] 36.96 49.96 54.5 54.5

H [wt %] 9.31 5.41 6.48 0.342 6.48 0.082

N [wt %] 0 0.02 0.12 0.12

O [wt %] (calcu-
lated)

49.23 35.52 38.8 2.721 38.8 0.666

Ash 550 �C 4.5 9.09 0.1 3 0.1 3

Al2O3 [wt %] 0.036 0.042 0.004 0.012 0.004 0.012

CaO [wt %] 0.466 0.557 0.008 0.294 0.008 0.294

Fe2O3 [wt %] 0.014 0.014 0.026 0.006 0.026 0.006

K2O [wt %] 0.024 0.135 0.025 0.003 0.025 0.003

MgO [wt %] 0.187 0.271 0.003 0.099 0.003 0.099

Na2O [wt %] 0.601 3.852 0.002 0.411 1.937 0.002 0.411 2.557

P2O5 [wt %] 0.008 0.009 0.001 0.001

SO3 [wt %] 0.041 0.061 0.018 0.018

SiO2 [wt %] 3.123 4.148 0.014 2.175 0.014 2.175

Table 2. Chemical composition of investigated slags.

Slag composition Model fuel

SiO2-dominated samples NaO2-enriched samples

Na-G V82 Gly + 4.5 wt % Na-G V79 Prof + 3 wt % Na-G +
4.5 wt % NO

V86 Prof + 3 wt % Na-G +
5 wt % NaOH

V87 Prof + 3 wt % Na-G +
3.3 wt % NaOH

Al2O3 [wt %] 0.4 0.82 0.68 0.53 0.86

CaO [wt %] 9.78 10.46 6.92 5.63 7

Fe2O3 [wt %] 0.2 0.3 0.45 0.43 0.38

K2O [wt %] 0.1 0.52 0.2 0.17 0.39

MgO [wt %] 3.39 4.2 1.75 2.14 3.04

Na2O [wt %] 13.67 13.52 36.24 40.03 31.73

SiO2 [wt %] 72.46 70.18 53.76 51.07 56.6

S 100 100 100 100 100
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An automatic measuring program was developed to perform
viscosity measurements according to the conditions in Tab. 3.
In the temperature range of 900–1600 �C, temperature intervals
of 25 �C were defined, and 22 isothermal viscosity measure-
ments were conducted per temperature. During viscosity
measurements, the rotational speed was altered from 1 to
400 s–1 and the torque varied accordingly in the range of
0.1–40 mN m. Inaccuracies in the measurement, e.g., due to
potential eccentric rotation and even formation of Taylor
vortex, were calibrated by a specific device in the calculation of
experimental viscosity from the torque measured, which has
been described in detail elsewhere [12].

Due to the fact that a decentring rotation of the long spindle
could not be completely prevented, the flow behavior in the
wide gap was used to calculate the viscosity from torque, rota-
tional speed, and radius of spindle and crucible. Nevertheless, a
calibration of the viscosimeter using samples with well-known

viscosities is mandatory. The obtained values show a deviation
of approximately 10 % [12].

2.2.2 Viscosity Calculation

The viscosity of the slags investigated was calculated using the
structure-based model developed by Wu et al. [25–28], as indi-
cated in Eq. (1). The model not only considers the chemical
composition and temperature but also oxygen partial pressure
[26, 27]. The used chemical composition is listed in Tab. 2, and
a constant oxygen partial pressure of 1 Pa is applied, which
approximately corresponds to the atmosphere used in the pres-
ent study.

Predicting the slag structure is necessary before the viscosity
calculation is implemented. Since the viscosity and Gibbs ener-
gy have the common structural base [29], the basic structural
units in molten slags are described by means of a non-ideal
associate solution, which is taken to describe the Gibbs energy
of the liquid phase [30]. The distribution of the aforementioned
basic structural units at equilibrium was calculated by the soft-
ware package FactSage using the GTox database [31, 32]. When
the formation of potential solid phases was suppressed, the
viscosity of supercooled melts was calculated accordingly. As
shown in Fig. 3, the resulting viscosity-temperature curves were
plotted in combination with the experimental ones. Additional-
ly, the liquidus temperatures (TL) were marked in Fig. 3, which
were calculated by FactSage using GTox database [31, 32] and
the SGPS database [33].

lnh ¼ lnhideal þ lnhexcess ¼
X

i

Xilnhi

 !

þ lnhself�pol: þ lnhinter�pol:

� � (1)

where

lnhi ¼ Ai þ Bi=T (2)

lnhself�pol: ¼
X

j

A SiO2ð Þnj
þ B SiO2ð Þnj

=T
� �

X
nj

SiO2

� �
þ :::;

j ¼ 1 and 2

(3)

lnhinter�pol: ¼
X

m

A Si�Alð Þm þ B Si�Alð Þm=T
� �

X Si�Alð Þm Xnm

SiO2

� �
þ :::;

m ¼ 1; 2; 3 . . .

(4)

(Si-Al)m is the silicon-aluminum-based ternary associate
species. hideal and hexcess are the ideal viscosity and the excess
viscosity, respectively; Xi is the mole fraction of the associate
species i; hi is the viscosity contribution from the associate spe-
cies i; hself-pol. is the excess viscosity due to the critical silicate
related self-polymerizations; hinter-pol. is the excess viscosity due
to the critical inter-polymerizations; nj and nm are the integer
coefficients that relate to a particular degree of polymerization;
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Figure 2. Schematic diagram of the in-house developed visco-
simeter.

Table 3. Conditions for the experimental determination of the
viscosity.

Parameter Value

Temperature range [�C] 900–1600

Temperature interval [�C] 25

No. of measurements per temperature [–] 22

Rotational speed [s–1] 1–400

Torque [mN m] 0.1–40
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Ai and Bi are the temperature- and composition-independent
constants, respectively, for the ideal viscosity; A SiO2ð Þnj

and
A Si�Alð Þm are the temperature-independent constants for the
excess viscosity; B SiO2ð Þnj

and B Si�Alð Þm are the composition-in-
dependent constants for the excess viscosity; T is the absolute
temperature; X

nj

SiO2
and X Si�Alð Þm Xnm

SiO2

� �
are the composition-

dependent weighting factors for the contribution of relatively
large clusters derived from the associate species to the excess
viscosity. It is worth mentioning that other terms relevant to
the excess viscosity are not given here but are described in
detail elsewhere [26, 27].

3 Results and Discussion

In Fig. 3, the viscosity values calculated by the model (calc.) are
compared with experimentally determined viscosities (exp.). It
is seen that the viscosity of supercooled melts (sc.) is also given.
Attention should be paid to the experimental viscosity data
below the liquidus temperature, where the formation of poten-
tial crystals influences the flow behavior of the melt.

The SiO2-dominated group is characterized by a gradual
decrease of the logarithmic viscosity with increasing tempera-
ture. In the range of 1300–1450 �C, the desired viscosity of
5–25 Pa s [17] is achieved for the slag sample of Na-rich glass.
This implicates that a temperature variation or fluctuation
within 150 �C is allowed during the operation of entrained-flow
gasifiers for the investigated feedstocks.

The similar chemical composition of samples from the SiO2-
dominated group (V82, Na-G) results in nearly similar viscosi-
ties (Fig. 3). It is noticed that the viscosity of Na-G with higher

SiO2 content is greater than that of V82. The higher SiO2 con-
tent also causes a higher liquidus point. The calculated and
experimental viscosity values agree very well at the temperature
range investigated. This indicates that the model performance
is good for the SiO2-dominated slags and the experimental
determination of these slags is not necessary for each sample.

For the calculated values, the addition of 4.5 % Na-oxalate in
V79 results in a significant reduction of the viscosity values.
This effect is enhanced in V86 by further increasing the
amount of Na2O. The lower Na2O content in V87 results in
higher viscosities than in V79 and V86. The experimental and
calculated viscosities are not always in good agreement over
the entire temperature range investigated. For example, the
experimental viscosity of V87 remains higher up to 975 �C.
When exceeding this temperature, the viscosity decreases sig-
nificantly in the experiment and causes the viscosity even to be
lower than the ones of V79 in contrast to the calculated values.

The low viscosities of this Na2O-enriched group allow lower
operation temperatures, i.e., around 1000 �C, to achieve the
desired slag viscosity. However, only a small temperature varia-
tion of approx. 20 �C is allowed to achieve the desired viscosity
of 5–25 Pa s because of a sharp increase of viscosity by decreas-
ing temperature. Moreover, the viscosities were determined in
supercooled melts and a noticeable crystallization was observed
at temperatures around 1000 �C significantly below the liquidus
temperature TL.

The increasing crystallized phases at lower temperatures
may cause the change from Newtonian to Non-Newtonian
flow behavior below the value of critical viscosity. The averaged
viscosity value below the critical viscosity is much more inaccu-
rate and causes a deviation of the experimental data from the

calculated viscosity values. It is worth
noting that the experimental values
were collected only to 900 �C, because
at lower temperatures the maximum
torque allowed by the viscosimeter was
reached. Additionally, the corrosion of
the thermoelements can intensify in
this temperature range.

3.1 Influence of Na2O on
Melting Behavior and
Viscosity

The addition of Na2O causes a strong
increase of viscosity with decreasing
temperature. This effect is reflected in
the experimental results but not in the
calculated ones. The calculated phase
equilibrium for V79 explains this devi-
ation (Fig. 4). Calculated phase equilib-
ria for the other investigated slags can
be found in the Supplementary Infor-
mation (S1–S3). The FactSage calcula-
tion shows stable crystals, e.g., silicates
Na4CaSi3O9, in the melt at tempera-
tures below 1125 �C in V79, V86, and
V87. These crystals cause an increase
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Figure 3. Experimental (exp.) and calculated (calc.) viscosities of chosen bioliq� slags with
definition of the supercooled melts (sc.).

Research Article 5

These are not the final page numbers! ((



of viscosity because of mechanical resistance of the formed
crystals dependent on the shape [11, 34, 35] which results in an
inconsistent flow behavior [36, 37]. Furthermore, the crystalli-
zation leads to a significant decrease in Na2O content in the
melt. Thus, the viscosity of the remaining melt is also increased
due to less Na2O as a network modifier available to reduce the
viscosity. That means, the reasons for the viscosity increase due
to crystallization are two-fold, i.e., from physical and chemical
effects as reported by Seebold et al. [12].

The calculated viscosities for V79 are in good agreement
with the experimental values at temperatures above 1050 �C
(Fig. 3). The agreement between experimental and calculated
viscosities at temperatures of 1025–1075 �C indicates the pres-
ence of supercooled melts, which occurs up to 100 �C below the
liquidus temperature TL. In other words, a supercooling degree
of approx. 75 �C is required to induce the occurrence of crystal-
lization. Since the viscosity model assumes a supercooled melt
without crystallization, the calculated values are lower than the
experimental values at low temperatures, when crystallization
occurs. Additionally, it is noticed that at high temperatures the
experimental viscosities of V86 and V87 are respectively lower
than the calculated ones of these samples, possibly due to the
higher Na2O content in melts than expected.

3.2 Relation Between the Determined Slag
Viscosities and the Flow Behavior of the Slags
in the Gasifier

The operating temperature of the gasifier is estimated by an equi-
librium temperature calculated with the flow sheet simulation
software ASPEN. The temperature of the moving slag at the reac-
tor wall is derived from the operating temperature and supported
by the results of CFD modeling [38–40]. The calculated slag tem-
peratures in Tab. 3 are compared with that corresponding to the
desired range of viscosity indicated in Fig. 3. For the SiO2-domi-
nated sample V82 the temperature of the moving slag is esti-
mated at 1350 �C during the gasification. This corresponds well
with the temperature range of 1300–1450 �C, which is preferred
concerning the viscosity conditions and results in the reduction
of slag-related problems during the gasification of these samples.

The applied temperatures during gasification for the Na2O-
enriched slags (V79, V86, and V87) are in the range of
1250–1350 �C and exceed the temperatures for the desired vis-
cosity range of these samples (950–1050 �C) significantly
(Tab. 4). As displayed in Fig. 3, the viscosities are significantly
lower than the desired values at the applied temperature condi-
tions. Such low viscosities may cause the stalling of the protec-
tive slag layer (Fig. 1). The viscosity can be increased as the tem-
perature declines. However, the relatively high temperatures are
necessary to avoid the blockage of the gasifier outlet by crystalli-
zation. As an alternative, the adjustment of slag composition is
therefore considered, e.g., by adding more silica or less Na.
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Figure 4. Phase distribution of the slag V79 with respect to temperature at equilibrium.
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It should be mentioned that there is a possible difference
between the chemical composition of the quenched slag in the
gasifier outflow and that at the reactor wall inside the gasifier.
This may result in a deviation of slag mobility inside the gasi-
fier from that determined experimentally using the quenched
slags or the corresponding model prediction. The specific influ-
ence of the position at the reactor wall to the content of the
main slag-forming components Na2O, SiO2, K2O, and CaO is
demonstrated for sample V81 (Fig. 5), taken as an example
with similar composition to sample V82.

Fig. 5 illustrates that there is a slight increase in the SiO2 con-
tent at the position MP5, which is associated with a decrease of
CaO, Na2O, and K2O content at the same position. These
changes in chemical composition in the vertical direction are
regular fluctuations and can appear at any position of the gasi-
fier. The influence of different radial positions (MP1–4) on the
slag composition was also investigated and the results indicate
a limited influence to the slag composition.

Based on the chemical composition obtained, the viscosities
were calculated with the model (Fig. 6). The difference in the
chemical composition results in different magnitudes of the
viscosity data at the same temperature. The slag at MP5 has
the highest viscosity because of the highest SiO2 content. The
viscosity at the other measuring points are close to each other
according to the small differences in their chemical composi-
tion.

3.3 Application of Viscosity Prediction in the
Adjustment of Slag Composition

This study aims to achieve the desired range of viscosity inside
the gasifier via the adjustment of temperature or composition.
The viscosity modeling enables this adjustment in advance,
which can then be validated with a limited amount of experi-
mental work. Fig. 7, as an example, is plotted with MATLAB�,
where the iso-viscosity data matrix is generated using a self-
built solver by setting two variables including chemical compo-
sition and temperature of slags. This enables the determination
of the necessary temperature to reach the given viscosity for
the investigated samples. In the example the maximum viscosi-
ty value of 25 Pa s in entrained-flow gasifiers [17] was chosen
to define a threshold for the minimal temperature to operate
the gasifier economically without viscosity-related problems.

Chem. Eng. Technol. 2021, 44, No. 7, 1–10 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 4. Temperatures of the slags in the bioliq� gasifier.

V79 V82 V86 V87

Estimated temperature of the
moving slag at the gasifier
wall during gasification [�C]

1363 1350 1277 1294

Desired temperature range
concerning slag viscosity [�C]

1010–
1075

1300–
1450

950–980 1020–
1040

Figure 5. Change of chemical composition depending on sampling position of V81.

Figure 6. Change of viscosity depending on sampling position
of V81.
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The three main components (SiO2, Na2O, and CaO) in the
investigated slags (V79, V82, V86, and V87) are chosen to be
composition variables, and other minor components are not
considered in the ternary diagram.

According to Fig. 7, it is easy to determine the required tem-
perature for different slag candidates in order to achieve the
desired viscosity. In the other way around, the chemical composi-
tion of the feedstock can also be adjusted for a fixed temperature
and viscosity. This enables to design a target-oriented fluxing for
the preferred viscosity range under the condition that the ash
content of the feedstock and slag does not differ significantly.

For the SiO2-dominated group (Na-rich glass and V82)
higher temperatures are required to achieve the desired viscosi-
ty (Fig. 7). This agrees well with both the calculated and experi-
mental results in this investigation due to the relatively high
content of the network former SiO2. In contrast, the samples of
the Na2O-enriched group (V79, V86, and V87) can achieve the
desired viscosity at lower temperatures due to the higher con-
tent of the network modifier Na2O. The addition of CaO also
modifies the slag network structure and leads to a slight
decrease in viscosity. However, the formation of potential
Ca-based phases with high melting point will cause a higher
risk of crystallization, which is not considered in this figure.

The impact of the two main parameters, i.e., slag composi-
tion and temperature, on the viscosity during the entrained-
flow gasification is clearly visualized in Fig. 7. To optimize the
efficiency of entrained-flow gasifiers, such visualization can be
employed to adjust the slag composition in order to reach low
viscosities at low temperatures. It should be pointed out that
more than three components can be taken into account in the
visualization in order to provide more accurate data for real
slags.

4 Conclusion

The mobility of slags is an important
parameter for operating an entrained-flow
gasifier. With consideration of minimizing
the corrosion on the wall material, achiev-
ing the optimal viscosity range guarantees
the efficient operation of the reactor with-
out blocking the outflow. To adjust this vis-
cosity range, the structure-based viscosity
model is adopted, using the chemical com-
position of slag collected at the outflow of
the gasifier. For the evaluation of the model
the viscosity of these slags was also deter-
mined experimentally.

The composition of slag from the out-
flow does not differ significantly from that
at the wall inside the reactor. Nevertheless,
even small deviations in chemical composi-
tion sometimes can result in significant
different viscosities.

The investigated slags are characterized
by high SiO2 or Na2O contents. SiO2-domi-
nated slags are characterized by high viscos-
ities, which can be significantly decreased
by the addition of Na2O. The improvement
of the economic efficiency is achieved by

lowering the operation temperature, where the adjustment of
slag composition is challenging in order to obtain the optimal
viscosity range. Attention should be paid to the risk in a sharp
viscosity increase caused by crystallization at lower tempera-
tures. Therefore, the gasification temperature for Na2O-en-
riched systems is suggested to be higher than supposed by
viscosity calculations.

The results of this investigation can be applied to adjust the
temperature or chemical composition in order to achieve a
desired viscosity range. The viscosity-temperature-composition
relations are visualized in the ternary diagram, where three
major slag components, namely, SiO2, CaO, and Na2O, in this
study are chosen and taken as an example. Such visualization
enables to simplify the adjustment, although the results
obtained are only the basis for further investigations. This pro-
vides a guideline to optimize the flow behavior of several bio-
mass slags in entrained-flow gasification.
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financial support, and our industry cooperation partner and
plant manufacturer Air Liquide for financial support and con-
sulting. Open access funding enabled and organized by Projekt
DEAL.

The authors have declared no conflict of interest.

Abbreviations

BtL biomass-to-liquid
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Research Article: The slag, which is
formed by melting the ash components
of a bioslurry during entrained-flow
gasification, is investigated. As a range
of desired viscosity of the slag has to be
defined for a smooth gasifier operation,
the viscosity was determined
experimentally and by modeling. The
results provide a guideline to optimize
the flow behavior of several biomass
slags in entrained-flow gasification.
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