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HIGHLIGHTS

« Complete and consistent glass slag property data are provided for slag flow modelling.
« Thickness of glass slag deposition was measured after reactor shut-down.

+ One-dimensional slag layer model is employed based on derived slag property data.

« Slag thickness is analysed based on measured and predicted data.

« Slag temperature is studied using derived slag thermal conductivity data.

ARTICLE INFO ABSTRACT

Keywords: Slag deposition and slag drain restrict the operating and process conditions of entrained flow gasifiers that are op-
Entrained flow erated on ash-containing fuels. Numerical simulations of these gasifiers require mathematical models to describe
Gasification slag deposition and slag flow. Previous studies, however, have not provided complete and consistent slag property
Slag . data for the development and validation of slag flow models. Therefore, a preceding study (Fuel 382 A (2025)
PMrsg:lr]tif; 132809) carried out pilot-scale entrained flow gasification experiments at the bioliq Entrained Flow Gasifier (bi-
Simulation oliq EFG) plant. The membrane-wall reactor of this plant is equipped with a segmental cooling screen, which was

recoated before the experiments to ensure well-defined heat transfer conditions. The experiments were conducted
with mixtures of ethylene glycol and glass beads as well as pyrolysis oil and glass beads at thermal inputs of up
to 5 MW and operating pressures of 40 bar. Ethylene glycol and glass beads were used as surrogates for pyrolysis
oil and straw ash, respectively, in order to derive experimental data under well-defined conditions for the devel-
opment and validation of slag flow models. This study investigated deposited and discharged glass slags from the
pilot-scale experiments. Samples of slag deposited on the membrane-wall refractory were analysed for density
and morphology, while samples of discharged slag were analysed for chemical composition, melting behaviour,
density, surface tension, morphology, dynamic viscosity, thermal conductivity and specific heat capacity. In addi-
tion, the thickness of the slag depositions was measured after reactor shut-down. The analyses and measurements
provided complete and consistent data for the development of slag layer and slag flow models. The predictions
of one-dimensional slag layer simulations showed good to fair agreement with the measured slag thickness data.
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Nomenclature

Latin symbols

A area

ép specific isobaric heat capacity
d thickness

h heat transfer coefficient
l length

p pressure

Py, thermal input

q heat flux

0 heat flow rate

r radius

T temperature

w mass fraction

x mole fraction

Greek symbols

Y surface tension

€ emissivity

n dynamic viscosity

A stoichiometric ratio

A thermal conductivity

P density

c Stefan—-Boltzmann constant
Subscripts and superscripts

ash of ash

B at position B

bal balanced

C at position C

CFD based on CFD simulation
conv convective

dry on dry basis

exp experimental

FT fluid

gas gas, gas-side

HT hemispherical

i inner

IDT initial deformation
max maximum

mean mean

meas measured

min minimum

ng of natural gas

o outer

op operating

rad radiative

S surface

S2 of segment 2

S3 of segment 3
slag of slag, in slag
slurry  of slurry

SST average sintering
ST softening

steam of steam

tot total

wall wall

water water, water-side

WGS water-gas-shift

Acronyms

bioliq EFG bioliq Entrained Flow Gasifier

CFD computational fluid dynamics

ICP-OES  inductively coupled plasma optical emission spectrome-
try

KIT Karlsruhe Institute of Technology

N1998 following DIN 51730:1998 [1]

N2007 following DIN 51730:2007 [2]

SEM scanning electron microscope

SPH smoothed-particle-hydrodynamics

VoF volume-of-fluid

WGS water-gas-shift

XRD X-ray diffraction

XRFS X-ray fluorescence spectroscopy

ZAE Zentrum fiir Angewandte Energieforschung

1D one-dimensional

1. Introduction

Entrained flow gasification of biogenic and anthropogenic feedstocks
can be used for producing renewable liquid fuels and chemicals in a cir-
cular economy and reducing co, emissions [3-5]. First, the feedstocks
are pyrolysed and converted to suspension fuels with high mineral con-
tents [3]. Then, the suspension fuels are disintegrated using gasification
media and converted to synthesis gas, while the molten mineral fuel
compounds deposit, together with soot and incompletely converted car-
bonaceous particles, on the refractory and form liquid, crystalline and
solidified slag phases [6,7]. The slag protects the refractory against cor-
rosion under reducing conditions at high temperatures and pressures
but also restricts the operating and process conditions due to its mate-
rial properties [6,7]. For example, the slag surface tension influences
the slag deposition through the adhesion of particles on slag or refrac-
tory [7-11]. The slag thermal conductivity and heat capacity, in turn,
determine the temperature distribution (in both slag and refractory) and
thus the heat extraction [7]. The slag viscosity and density finally af-
fect the flow behaviour [7,12-15], as thick viscous slags can block the
gasifier outlet at lower temperatures, whereas thin viscous slags can
quickly drain at higher temperatures. The analysis of the slag properties
is therefore crucial for the understanding and mathematical description
of slag deposition and slag flow, and hence the design and operation of
entrained flow gasifiers [7].

Numerous studies [8,10-13,15-60] have already analysed slag de-
position and slag flow using simplified balance equations or advanced
methods. The simplified balance equations have primarily been based
on the gravity-driven steady-state film flow model, while the ad-
vanced methods have included the volume-of-fluid (VoF) method or
the smoothed-particle-hydrodynamics (SPH) method. Most of previ-
ous studies focussed on model application and sensitivity analysis and
described the slag properties based on measured chemical composi-
tions and on literature data and correlations [7,15,61-71]. In addition,
several studies [15,17,29,30,34,36,38,45,48,49,51,53-55,57] derived
customised slag viscosity relationships from high-temperature measure-
ments. Finally, Zhang et al. [50] determined area porosities of up to
10% using scanning electron microscope (SEM) analyses of slag sam-
ples in order to account for physical gas enclosures in the slag flow
model. The development of slag deposition and slag flow models is
thus typically coupled with a few experimental analyses only. This is
because measurements of density, surface tension, viscosity, thermal
conductivity and heat capacity require higher expenditures than anal-
yses of composition and melting behaviour, which are frequently done
for operational reasons. So far, Mills and Rhine [67,68] and Seebold
et al. [7] derived larger data sets for entrained flow gasifier slags. Mills
and Rhine [67,68] investigated density, thermal expansion, dynamic
viscosity, thermal conductivity, thermal diffusivity, specific heat capac-
ity, surface tension, total normal emissivity and extinction coefficient of
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Fig. 1. Process flow-sheet of the high-pressure gasification of the bioliq pilot plant including the bioliq EFG, the system boundary of the inner reactor chamber (depicted
with a yellow border) and characteristic positions A, B, C and D [4,6,116] (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.).

various coal gasifier slags. Seebold et al. [7] measured density, surface
tension, dynamic viscosity and specific heat capacity of two biomass
slags. For lack of alternatives, these data sets were adopted in several
numerical studies [15,19-21,23,28,30,32-34,36,38,48,50,60].

Furthermore, a few studies [48,49,51,58-60] attempted to vali-
date their predictions of slag deposition with measurement data. Xu
et al. [49] and Lin et al. [58,59] showed a good agreement of pre-
dicted outer wall temperatures with measured industrial data. Safronov
et al. [48] reported a good agreement of predicted slag thicknesses with
unpublished industrial data. In addition, Seebold et al. [7], Cavagnol
etal. [51] and Dammann et al. [60] presented measured slag thicknesses
from pilot-scale entrained flow gasification experiments at the bioliq
Entrained Flow Gasifier (bioliq EFG) plant (see Fig. 1). The data were
determined under ambient conditions after reactor shut-down [7,51,60]
and were only in fair agreement with predictions [60]. The discrepan-
cies were linked to imperfect particle tracking, inappropriate material
property data and slag drain during shut-down [60].

In summary, previous studies have not yet succeeded in the develop-
ment of a validated slag flow model based on consistent slag property
models. Moreover, several studies [10,11,23,26,27,31,36,43,44] em-
phasised the need of validation experiments. Therefore, a preceding
study [6] conducted four pilot-scale entrained flow gasification exper-
iments at the bioliq EFG plant after recoating the cooling screen and
derived input and validation data for CFD models. These data comprise
measured refractory temperatures, derived gas temperatures, measured
and derived gas-species concentrations, balanced heat extractions and
further characteristic parameters (e.g. carbon conversions and cold-
gas efficiencies). The present study has subsequently focussed on the
characterisation of glass slags, that were formed and discharged in the
pilot-scale experiments, in order to provide complete and consistent

material property and deposition data for the development and valida-
tion of slag flow and high-pressure entrained flow gasification models.
First, the thickness of the slag depositions was measured under ambient
conditions after completing the experiments. Then, samples of slag de-
posited on the refractory were analysed for density and morphology,
while samples of discharged slag were analysed for chemical composi-
tion, melting behaviour, density, surface tension, morphology, dynamic
viscosity, thermal conductivity and specific heat capacity. Finally, one-
dimensional slag layer simulations were conducted to verify the mea-
sured slag thicknesses and to analyse the predictions. The pilot-scale
experiments are introduced in Section 2. The methods and the results
of the experimental and numerical analyses are described in Sections 3
and 4. The measured and derived slag property data and various predic-
tions for slag and wall layers are discussed in Section 5. The conclusions
are given in Section 6.

2. Pilot-scale experiments

This study presents slag property data that were generated in the
course of the bioliq EFG experiments V82, V83, V84 and V85 [6]. These
four experiments were conducted at the high-pressure entrained flow
gasifier of the bioliq pilot plant (nowadays the CCLab) of Karlsruhe
Institute of Technology (KIT). The membrane-wall gasifier is operated
at 40 bar and is equipped with a segmental cooling screen. The refrac-
tory of the cooling screen was renewed before the experiments to ensure
well-defined heat transfer conditions [6]. Characteristic operating and
process parameters of the experiments are summarised in Tables 1 and 2.
The bioliq EFG experiments V82, V83 and V84 were conducted with mix-
tures of ethylene glycol and glass beads (stationary input for at least 6 h),
while the bioliq EFG experiment V85 was carried out with beech wood
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Table 1

Characteristic operating and process parameters [6]: feedstocks, thermal inputs of slurry P,
operating pressures p,,, ash/slurry mass flow rate ratios s, /1
oxygen/slurry mass flow rate ratios o, /m

natural gas Py ,,,

ratios Mgeam /Myurrys
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hslurry> thermal inputs of
Jlurrys> Steam/slurry mass flow rate

surry and stoichiometric ratios A.

Py gturry Piing Pop g, g, g,
Experiment  Feedstock - - i —= —steam, — y)
MW MW bar Mlyrry Mglyrry Mglyrry
V82 Ethylene glycol + glass beads 3.5 0.5 40 0.045 0.38 0.79 0.553
V83 Ethylene glycol + glass beads 3.5 0.5 40 0.045 0.38 0.74 0.521
V84 Ethylene glycol + glass beads 3.3 0.5 40 0.090 0.38 0.78 0.571
V85 Beech wood pyrolysis oil + glass beads 4.4 0.5 40 0.046 0.40 0.88 0.465

Table 2

Process parameters [6] for slag layer simulations: balanced temperatures at position B T,, 3, WGS temperatures at position B Tysp, total heat

extractions O, heat extractions through segment 2 Q,, heat extractions through segment 3 Qg;,, average water temperatures in segment 2 7,

water,S22

average water temperatures in segment 3 7, s3, average convective water-side heat transfer coefficients in segment 2 ., s, and average convective

water-side heat transfer coefficients in segment 3 A, s3-

Experiment Feedstock Tu Twas,s Qm‘ % % Tyaters2 Tyaer,s3 Ayaters2 Pyater.s3
K K kW kW KW K K W/m2K)  W/m2K)
V82 Ethylene glycol + glass beads 1621 1537 544.51 154.90 212.27 490 493 16,595 16,004
V83 Ethylene glycol + glass beads 1607 1546 44581  133.89  185.99 489 492 16,602 16,029
V84 Ethylene glycol + glass beads 1667 1617 524.13  154.84  208.88 490 493 16,451 15,871
V85 Beech wood pyrolysis oil + glass beads 1672 1607 477.83 143.58 190.77 490 492 16,602 15,904

pyrolysis oil and glass beads (stationary input for 100 h) [6]. Ethylene
glycol and glass beads were used as surrogates for pyrolysis oil and straw
ash, respectively, in order to enable reproducible experiments with well-
defined chemical and physical properties of the feedstock [6,60,72].
Ethylene glycol exhibits a C/H/O ratio and a heating value similar to
typical biomass pyrolysis oils [6,73], while the glass beads exhibit low
catalytic activities compared to biomass ash and were employed to en-
sure slag deposition and protection of the refractory material of the
cooling screen [6]. The glass beads with particle sizes ranging from 5 um
to 80 um were purchased from Arteka [74]. The bioliq EFG experi-
ment V82 was defined as near-equilibrium reference experiment with
high carbon conversions and low methane concentrations, whereas the
bioliq EFG experiments V83 and V84 were used to investigate the influ-
ence of a lower stoichiometric ratio and a higher glass content on the
process conditions, respectively [6]. The bioliq EFG experiments were
operated at almost equal operating pressures and synthesis gas flow rates
resulting in thermal inputs between 3.8 MW and 4.9 MW. More details
on the bioliq EFG and the bioliq EFG experiments V82, V83, V84 and V85
are given in the preceding studies [4,6].

3. Methods

This section describes the methods used for the experimental slag
and the experimental and numerical slag deposition analyses.

3.1. Samples

The samples were collected primarily at position D of the bioliqg EFG
plant (see Fig. 1). Sampling errors are possible but are likely small,
particularly when compared to uncertainties in the measurement meth-
ods and the material variability. Therefore, the samples are assumed
to be representative for the discharged slags and were pulverised,
melted, degassed and finally analysed to determine chemical compo-
sition and melting behaviour. In addition, degassed samples discharged
in the bioliq EFG experiment V82 were prepared to measure density,
morphology, surface tension, dynamic viscosity, thermal conductivity
and specific heat capacity. Furthermore, several samples were taken at
the refractory positions MP6, MP5, MP1-4 and MP7 (see Fig. 2) after
the bioliq EFG experiment V82. These samples were used to investi-
gate physical gas enclosures through density and morphology analyses.
For simplicity, the samples of both discharged and deposited slag are
hereinafter also referred to as slags or glass slags.

3.2. Chemical analyses

The compositions of the discharged slags V82, V83, V84 and V85
were determined using X-ray fluorescence spectroscopy (XRFS), while
the composition of the glass beads was analysed using both XRFS and in-
ductively coupled plasma optical emission spectrometry (ICP-OES). The
XRFS analyses were carried out based on DIN 51729-11:1998 [76] at
the Institute for Technical Chemistry, Mineralogy of Karlsruhe Institute
of Technology, while accounting for drift corrections and using two
different calibrations (C2016 and C2019). The ICP-OES analyses were
conducted based on DIN EN ISO 11885:2009 [77] at Eurofins [78].

3.3. Melting analyses

The melting analyses of the glass beads and the discharged slags V82,
V83, V84 and V85 were used to determine the average sintering
temperatures Tggp, the initial deformation temperatures Tjyr, the soft-
ening temperatures Tgr, the hemispherical temperatures Ty and the
fluid temperatures Tpp. The characteristic melting temperatures were
obtained using a heating microscope (Hesse Instruments EM301) under
a reducing atmosphere following DIN 51730:1998 [1] (N1998) at the
Institute for Technical Chemistry, Pyrolysis/Gas Treatment of Karlsruhe
Institute of Technology or following DIN 51730:2007 [2] (N2007) at
Eurofins [78]. Firstly, glass beads or pulverised discharged glass slag
samples were pressed to cylindrical samples. Then, grey-scale images of
the samples were recorded, while heating the samples up to 1823K us-
ing a heating rate of 10 K/min between 873 K and 1823 K. The recorded
images were evaluated to derive the characteristic melting temperatures.

3.4. Density measurements at ambient temperatures and morphology
analyses

The density at ambient temperatures and the morphology were anal-
ysed to investigate physical gas enclosures in the solidified slag samples,
recalling that (i) the bioliq EFG experiments were conducted at high-
pressure conditions, (ii) the gas solubility increases with increasing
pressure and decreases with increasing temperature, and (iii) bubbles,
trapped or formed during the reaction of captured carbon on molten
slag surface, diffuse in the liquid slag [79] and affect the slag proper-
ties [50]. Specifically, glass beads and samples of slag V82, collected at
positions D, MP6, MP5, MP1-4 and MP7, were examined using helium
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Oxygen + steam Slurry Natural gas + nitrogen
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ST

Steel pins

\

Cooling water
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S2
Membrane wall
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S4

S5

Synthesis gas + slag

Fig. 2. Schematic cross section of the bioliq EFG reactor with the refractory
thermocouples placed at positions T1, ..., T10, the cooling circuits and seg-
ments S1, ..., S5 and ST, and the slag measuring positions MP1-4, MP5, MP6,
MP7 and MP8 [6].

pycnometry measurements, SEM analyses and X-ray diffraction (XRD)
analyses.

The helium pycnometry measurements of untreated and pulverised
samples were performed following DIN 66137-2:2019 [80] in order to
determine whether the true solid volume and the skeletal volume are
identical. Firstly, the fragment samples D-1, D-2, D-3, D-4 and D-5 with
sizes between 2mm and 15mm (see Fig. S1) were compiled from the
slag V82, collected at position D, and were analysed to determine ef-
fective densities, while accounting for unevenly distributed pores in the
sample material. Secondly, the samples of slag V82, collected at posi-
tions MP6, MP5, MP1-4 and MP7, were analysed to determine effective
densities; the samples were not classified into fractions of different frag-
ment sizes due to the limited amount of sample material. Thirdly, the
sample D-6 was compiled by powdering slag V82 collected at position D
and was analysed to determine the true density. The measurements
were conducted with the tempered measurement equipment of a he-
lium gas-pycnometer (Quantachrome Instruments Micro-Ultrapyc 1200e
MUPY-32) and weighted samples, dried at 323K for at least 14h and
placed in the sample holder of the measurement cell. Moreover, the mea-
surements with up to 50 runs were performed at 297 K+0.1 K and 19 psig
(~ 1.31 bar), where a measurement was stopped when the deviation in a
set of five runs was less than 0.05%. The measurements were repeated
at least five times to ensure repeatability.

The SEM analyses were carried out using the samples D-1 and D-6
of slag V82 at the Light Technology Institute of Karlsruhe Institute of
Technology to identify gas enclosures. First, a fragment of sample D-1
was embedded in epoxy resin. Then, a part of the fragment and the resin
were removed to obtain a cross-sectional area. The remaining part was
polished with various abrasive and polishing materials. Furthermore, the
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powder sample D-6 was analysed without such an embedding procedure
(due to the prevailing pulverised condition).

The XRD analyses were performed to determine the crystalline
phases and the amorphous content of four samples: the powder sam-
ple D-6, the glass beads and pulverised samples of the slag V82
material collected at positions MP5 and MP7. The analyses were
carried out using a commercial diffractometer (Malvern-PANalytical
Empyrean with a multistrip PIXcel3D detector and with Cu-Ka radi-
ation obtained using 40kV and 40 mA) at the Institute for Technical
Chemistry, Mineralogy of Karlsruhe Institute of Technology. The anal-
yses were conducted using both pure pulverised samples and samples
homogenised with 10-20% corundum standard for the quantification
of the amorphous and crystalline contents. Approximately 1-2g of
each sample was pressed in a back-loaded sample holder. The sam-
ples were continuously rotated during the measurements with step sizes
of 0.013° in the range between 278° and 393°. Measurement times
of 399s per step were used for the pure samples, while measurement
times of 199-349 s per step were chosen for the samples with corundum
standard. The phases were identified using PANalytical HighScore Plus
(release 4.9) and were quantified based on Rietveld refinement using
Bruker-AXS TOPAS (release 6).

3.5. Density measurements at high temperatures and surface tension
measurements

The density and the surface tension of the discharged slag V82
were analysed using a sessile drop measurement setup following pre-
vious studies [7,81-83] at the Institute of Energy Materials and Devices,
Structure and Function of Materials of Forschungszentrum Jiilich.
Firstly, pulverised samples were pressed, melted and degassed at 1573 K
for 5h under a reducing 96% argon/4% hydrogen atmosphere in
graphite crucibles with an inner diameter of 5mm. Secondly, the ob-
tained glassy samples were heated up to a temperature of 1673 K using
heating rates of 5-10 K/min under the same atmosphere. Finally, grey-
scale images were recorded during the cooling and evaluated using an
automated axisymmetric drop shape analysis [7]. Droplet volumes, den-
sities and surface tensions were determined using the droplet mass and
the Young-Laplace equation (for approximating the droplet contour).
Further details are given in the preceding study [7].

3.6. Dynamic viscosity measurements

The dynamic viscosity of the discharged slag V82 was determined
using a high-temperature viscometer (Rheotec RC1) following previ-
ous studies [14,75] at the Institute of Energy Materials and Devices,
Structure and Function of Materials of Forschungszentrum Jiilich. The
measurements were carried out between 1173K and 1873K using
temperature intervals of 25K and a reducing 96% argon/4% hydro-
gen atmosphere [14]. Molybdenum was used for the crucibles and
spindles [14]. In each single measurement, the rotational speed and
the corresponding torque were varied between 1s~! and 400s~! and
0.1 mN m and 40 mN m, respectively, where measured temperatures and
viscosities were affected by uncertainties of 25K and 10%, respec-
tively [14]. Further details are provided in previous studies [7,14,75].

3.7. Thermal conductivity measurements

The thermal conductivity of the discharged slag V82 was determined
using a hot-wire measurement setup following previous studies [84-86]
at the laboratory Thermal Analysis of ZAE Bayern [87]. Pt-Rh was
used for the wire, and Al,O, for the wire protection and the crucible.
Firstly, the sample material was filled into the crucible. Secondly, several
slow heating processes were carried out under an inert argon atmo-
sphere to ensure a homogeneous degassed sample with good contact
to wire and crucible, as even small gas releases can significantly af-
fect the accuracy of the measured data. Thirdly, measurements were
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conducted between 298K and 1673K using a heating rate of 2 K/min
under an inert argon atmosphere, while stopping at up to 12 measuring
points for up to 10 single measurements. After the measurements, the
AL,O, crucible was inspected as dissolution of Al,O, was a possible risk
during the measurements. The AL O, crucible, however, did not show
any discolourations. Therefore, the amounts of dissolved Al,O, were
likely significantly smaller than the sample mass applied. Furthermore,
the measured data of the single measurements were averaged for each
measuring point, while the average data were smoothed using manual
approximations and piecewise Gaussian filters (see Section 4.6).

3.8. Specific heat capacity measurements

The specific heat capacity of the discharged slag V82 was analysed
using a differential scanning calorimeter (Netzsch DSC 404C) at the
laboratory Thermal Analysis of ZAE Bayern [87]. Blank, reference and
sample measurements were conducted using a Pt-Rh crucible and a heat-
ing rate of 20 K/min up to a temperature of 1673 K under an inert argon
atmosphere. For the sample measurements, the crucible was first placed
with 41 mg pulverised slag in a standard oven. Then, the filled crucible
was heated up several times using a heating rate of 2K/min up to a
temperature of 1573 K under an inert argon atmosphere to degas the
sample. After the measurements, the measured data were smoothed us-
ing manual approximations and piecewise Gaussian filters, as the sample
measurements were unfortunately disturbed by heating control failures
that could not be solved in this study (see Section 4.7).

3.9. Slag thickness measurements

The thickness of the slag depositions was measured at the refrac-
tory positions MP6, MP5, MP1-4 and MP7 (see Fig. 2) under ambient
conditions after the bioliq EFG experiments V82, V83 and V84, i.e. the
bioliq EFG reactor was shut-down after each of these experiments. The
position MP6 is located in segment 2 of the bioliq EFG cooling screen
(see Fig. 2), while the positions MP5 and MP1-4 are in segment 3 (see
Fig. 2). At each position, some deposited and solidified slag was removed
down to the refractory surface (see Fig. 14). Then, distances between
refractory surface and slag surface were measured multiple times for
arithmetical mean, minimum and maximum values.

3.10. Slag thickness predictions

The thickness of the slag depositions was predicted using a one-
dimensional (1D) slag layer model for the segments 2 and 3 of the
bioliq EFG cooling screen (see Fig. 2). This model assumes both the
slag and the refractory as homogeneous layers, which is a simplification
of the prevailing (complex) compositions and structures. In particular,
the slag contains liquid, crystalline and solidified slag phases, while the
refractory-lined membrane wall consists of (i) small steel bridges con-
necting the helical tubes, (ii) steel pins welded in opposite directions on
the tubes and (iii) SiC filled between steel pins and bridges (see Fig. 2).
However, these compositions and structures cannot be reflected in one-
or even two-dimensional heat conduction models. Therefore, effective
thermal conductivity approaches were employed based on an effective
slag thermal conductivity 4y,, and an effective wall thermal conduc-
tivity Ay, The effective slag thermal conductivity 4,, was described
using the measured/derived data and cubic spline approximation (see
Section 4.6). The effective wall thermal conductivity A,,, was deter-
mined using volume fractions and thermal conductivities of both SiC and
steel and employing three thermal resistance models. First, the volume
fractions were derived from the geometry dimensions of the refractory-
lined membrane wall, and the thermal conductivities were described
using temperature dependent polynomials based on literature and man-
ufacturer data [88,89]. Then, three thermal resistance models were
combined to determine the effective wall thermal conductivity A,,;:
the series model, the Maxwell model and the parallel model. The series
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model treats SiC and steel as consecutive individual thermal resistances;
the Maxwell model assumes SiC as matrix material and steel as spheri-
cal inclusions; and the parallel model is finally employed to couple the
series and Maxwell resistances. Preliminary tests showed that the combi-
nation of these three thermal resistance models provides overall superior
results compared to the series model, the parallel model, the geometric
mean model, the Maxwell model and other combinations (see Table 9).

In addition, segmental cooling water temperatures, heat flow rates,
heat transfer coefficients and gas temperatures were determined for the
boundary conditions using the approaches described below:

« The segmental cooling water temperatures T,,,,, were determined
as means of the measured segmental cooling water temperatures
at inlet and outlet [6] and are given in Table 2.

The segmental heat flow rates QO were defined based on heat
extractions derived from energy balances [6] and are listed in
Table 2.

The segmental water-side heat transfer coefficients A, were es-
timated using latest Nusselt functions [90-92] for turbulent pipe
flows and are summarised in Table 2.

The segmental convective gas-side heat transfer coefficients Aigopy, gqs
were defined based on predictions of various RANS based simula-
tions [93] following previous studies [60,72]. These CFD simula-
tions have shown that the average (area-weighted) convective heat
transfer coefficients are approximately 167 W/(m”K) for segment 2
and 302 W/(m2K) for segment 3, where the uncertainties are less
than 2%.

The segmental radiative gas-side heat transfer coefficients hy,q gqs
were determined using the segmental gas temperatures, the pre-
dicted slag surface temperatures and assumed constant slag emis-
sivities eg,, of 0.8 in line with the RANS based simulations [93].
The segmental radiative gas-side heat transfer coefficients A
are given by

rad,gas

hrad,gas = eslag o (ngas + 753&5> (Tgas + Tslag,s) ’ (1)
where ¢, is the slag emissivity, ¢ is the Stefan-Boltzmann con-
stant, T, is the gas temperature and Ty, is the slag surface
temperature.

The segmental gas temperatures T,,, were defined based on predic-
tions of various RANS based simulations [93]. These CFD simula-
tions have provided average (area-weighted) gas temperatures that
are usually about 160-210K lower for segment 2 and 70-130K
lower for segment 3 compared to gas temperatures derived from
global mass and energy balances [93]. Based on the most appro-
priate predictions, differences of 200K and 115K, respectively,
were subtracted from the balanced gas temperatures Ty, g, which
are given in Table 2. Assuming rectangular distributions, the
uncertainties are up to 20 K.

Finally, one-dimensional heat conduction equations were solved to
determine the outer wall temperatures T, ,, the inner wall temper-
atures T, ;, the slag thicknesses d,, and the slag surface tempera-
tures 7y, , (see Fig. 3), while neglecting slag flow convection terms and
source terms for chemical reactions and phase transitions. In particu-
lar, the convection terms were not accounted for because of their minor
impact on the predictions for the segments 2 and 3, and source terms
for crystallisation were neglected because crystallisation is likely sup-
pressed due to the high SiO, contents in the glass slags [75]. The outer
wall temperatures 7,,,, and the slag surface temperatures 7, , were
determined by

0 1
Twall,o = Twatcr + A_ h s 2)
s Mwater
Tyuge = Toae — 2 ! 3)

slag,s gas T T4 — >
Ag hconv,gas + hrad,gas
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Fig. 3. Slag and wall layers.

where T,,., is the segmental cooling water temperature, Q is the seg-
mental heat flow rate, A, is the segmental surface area (see [6]), Ay, IS
the segmental convective water-side heat transfer coefficient, Ty, is the
segmental gas temperature, A, ., is the segmental convective gas-side
heat transfer coefficient and Ay, g, is the segmental radiative gas-side
heat transfer coefficient. The inner wall temperatures T, ; and the slag
thicknesses d;,, were obtained using the brentq, quad and fixed quad

methods of SciPy [94,95] from

Twall.o Q Faaile

Ay (1) dT = = 1 o). )

/TM]Li wall (T) 271 " ( Fyalli > 4
Twall.i . , .

/ )’Slag (T) dT = £ In ( wall,i ) ) (5)
TSlag‘S 2zl rslag.s

where A, is the effective wall thermal conductivity, T is the tempera-
ture, [ is the height of a segment, ry, , is the outer wall radius, ry,; is
the inner wall radius, Ay,, is the effective slag thermal conductivity and
Toags = T'walli — dsiag 1S the slag surface radius. The slag and wall temper-
ature profiles between the characteristic temperatures were calculated
using similar approaches.

4. Results

This section presents the results of the experimental slag and the
experimental and numerical slag deposition analyses.

4.1. Chemical analyses

The measured oxide compositions of the glass beads and the dis-
charged slags V82, V83, V84 and V85 in normalised mass fractions
are given in Table S1. The discharged slags consisted mainly of
72-74% SiOz, ~ 13% Na,O, » 9% CaO and =~ 4% MgO, while AlLO,, K,0
and Fe,O, were found as trace components. The data also demonstrate
some fluctuations in the chemical compositions of both the glass beads
and the discharged glass slags. Therefore, average mass fractions were
derived along with sample standard deviations from the measured and
normalised compositions of each glass slag. The results are depicted in
Fig. 4 and show that the fluctuations of the mass fractions are within the
uncertainties. The fluctuations could thus be linked to the mineral matter
variability and the analysis methods (sample selection, sample prepara-
tion, measurement equipment and measurement calibration). Moreover,
the data are not sufficient to indicate mineral matter transformations,
such as the vaporisation of sodium and potassium (see [75]). Therefore,
average compositions can be assumed for material property predictions
and other simulations. For the slag V82, an average normalised compo-

sition, accounting for Al 0,, Ca0, K,0, MgO, Na,O and Si0,, is given
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Fig. 4. Chemical compositions of slags V82, V83, V84 and V85.
Table 3

Characteristic melting temperatures of the glass beads and the discharged
slags V82, V83, V84 and V85 following DIN51730:1998 [1] (N1998) or
DIN 51730:2007 [2] (N2007): average sintering temperatures Tgqr, initial defor-
mation temperatures Ty, softening temperatures Ty, hemispherical tempera-
tures Ty and fluid temperatures Ty.

Lo Tor  Tso Twr T

Sample Analysis K X K K X
Glass beads Sample 1  KIT, N1998 - 1060 1110 1210 1400
Sample 2  Eurofins, N2007 1000 1080 1170 1340 1480
Slag V82 Sample 1  KIT, N1998 950 1050 1110 1290 1420
Sample 2  KIT, N1998 960 1070 1110 1290 1430
Slag V83 Sample 1  KIT, N1998 900 1060 1210 1290 1420
Sample 2 KIT, N1998 900 1050 1220 1290 1420
Slag V84 Sample 1  KIT, N1998 960 1060 1110 1290 1410
Sample 2 KIT, N1998 960 1060 1110 1300 1420
Slag V85 Sample 1  KIT, N1998 880 1040 1080 1260 1420
Sample 2  KIT, N1998 880 1040 1090 1290 1430

in Table S1. This composition was used for the model predictions in
Sections 4.4-4.7.

4.2. Melting analyses

The measured characteristic melting temperatures of the glass beads
and the discharged slags V82, V83, V84 and V85 are listed in Table 3.
The data demonstrate some fluctuating sintering, hemispherical and
fusion temperatures for the glass beads as well as similar initial de-
formation temperatures, hemispherical and fusion temperatures for the
discharged slags. In addition, the slags V82 and V84 have shown similar
sintering temperatures and softening temperatures, while lower sinter-
ing temperatures and deviating softening temperatures have been found
for the discharged slags V83 and V85. These findings do not match the
different compositions of the glass beads and the slags V82, V83, V84
and V85 and suggest that the fluctuations in the compositions and melt-
ing temperatures should not be overrated, as they could primarily be
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Fig. 5. Density p,, of slag V82 under ambient conditions. A: measured and
predicted densities of the glass beads; MP6, MP5, MP1-4, MP7: measured den-
sities of slag V82 samples collected at positions MP6, MP5, MP1-4 and MP7;
D-1, D-2, D-3, D-4, D-5, D-6: measured densities of slag V82 samples collected
at position D; D: predicted density of slag V82 for position D.

Table 4

Densities of the glass beads and the slag V82 samples under ambient conditions
based on helium pycnometry measurements. The uncertainties were calculated
as standard deviation of the measurement results in the case of the glass beads
or as standard deviation of the sample results in the other cases.

Pslag
Sample
P kg/m3
Glass beads 2447 +5
Mean based on slag samples collected at positions D-1, ..., D-6 2481 +3
Mean based on slag samples collected at positions MP1-4, ..., MP7 2498 + 6

linked to the mineral matter variability and the analysis methods (see
Section 4.1). Furthermore, the deviating melting behaviour of the glass
beads might be connected with different densification behaviour be-
tween 900K and 1100K and the solution of CO, and H,O in slag at
pressurised conditions.

4.3. Density measurements at ambient temperatures and morphology
analyses

The densities measured under ambient conditions are shown in Fig. 5
and are listed in Table 4. The densities of the discharged slag V82 sam-
ples D-1, ..., D-6 are similar despite different sizes and shapes, where
the average slag density is 2481kg/m? + 3kg/m?. In particular, the den-
sity of the powder sample D-6 does not significantly deviate from the
densities of the fragment samples D-1, ..., D-5. Assuming that helium
did not significantly penetrate into the fragment samples D-1, ..., D-5
and that the enclosed pores of the powder sample D-6 were destroyed
through grinding, the solidified slags have contained only tiny amounts
of physically enclosed gas. Following DIN 66137-2:2019 [80], the true
solid volume and the skeletal volume have been almost identical. To
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Fig. 6. SEM image of a cross-section of a fragment from the slag V82 sample D-1.

F—— 10pm EHT=50kV Mag=32kX WD=59mm

Fig. 7. SEM image of a particle from the slag V82 sample D-6.

confirm this finding, however, the samples D-1 and D-6 were further
analysed using SEM analyses.

The cross-section of a fragment of sample D-1 is shown in Fig. 6.
The cross-section has an area porosity significantly smaller than 1% and
exhibits a few pores of different sizes below 80 um only. These pores are
not filled with embedding material and were thus not accessible in the
original fragment. Therefore, these pores can be identified as enclosed
pores. Furthermore, the surface of a particle found in the pulverised
sample D-6 is shown in Fig. 7. The surface does not exhibit any pores as
most particle diameters were smaller than 80 um. Moreover, the marks
of the grinding procedure are clearly visible on the particle surface. This
indicates that the powder was not suitable to identify small enclosed
pores below 10 um due to the mechanical stress of grinding. Overall,
however, the SEM analyses confirm that the discharged slags have not
exhibited larger amounts of pore volumes.

Furthermore, the measured densities of the slag samples collected at
positions MP6, MP5, MP1-4 and MP7 after the bioliq EFG experiment
V82 are shown in Fig. 5 and are listed in Table 4. The cooling screen sam-
ples have thus exhibited similar densities, which, however, are larger
than the densities measured for the samples D-1, ..., D-6 and the glass
beads. These deviations cannot be explained by slightly different oxide
compositions (for example, based on the ambient-temperature density
model of Fluegel [96] for glasses). Therefore, the powder sample D-6,
the glass beads and two pulverised samples (based on the samples col-
lected at the positions MP5 and MP7) were examined using XRD analyses
in order to find out whether the smaller densities of the glass beads and
the samples D-1, ..., D-6 were due to higher cooling and solidification
rates.
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The diffractograms of the pure samples (without corundum stan-
dard) are shown in Fig. S2 and reveal that the samples analysed
consisted mainly of amorphous glass (98.3-99.9%). In addition, the
sample collected at position MP5 also contained wollastonite (1.1%),
cristobalite (0.2%) and tridymite (0.3%), while the sample collected
at position MP7 included small amounts of cristobalite (0.2%) and
tridymite (0.09%). Furthermore, small amounts of Na,CaSiO, (0.06%)
and crystalline quartz (below 0.1%) were found in the slag sample D-
6 and in the glass beads and cooling screen samples, respectively. The
samples analysed have thus contained only small amounts of crystalline
phases. In particular, the glass beads and the sample D-6 did not consist
of different or less crystalline structures compared to the cooling screen
samples collected at positions MP5 and MP7. Therefore, the crystalline
structures have not caused the lower densities of the samples D-1, ...,
D-6, while slag drain did not significantly affect the slag densities in
agreement with previous findings [14,75].

4.4. Density measurements at high temperatures and surface tension
measurements

The measured slag surface tensions of the discharged slag V82 are
shown in Fig. 8 and have been approximated by

Fag = (265476 10° + 133202 - 107! exp (4.09170 - 1073 %)) m—nll\l 6)

where yg,, is the surface tension of the liquid slag and T is
the temperature. The measured data are between 275mN/m at
1173K and 410mN/m at 1673K and exhibit only a few outliers.
Previous models [97-100], however, predict values between 316 mN/m
and 333mN/m at 1673K for the model slag. In addition, Kucuk
et al. [100] measured 306 mN/m + 5mN/m at 1673K for a similar
soda-lime-silica melt (15% Na20—10% Ca0-75% SiOZ). This indicates
measurement uncertainties of approximately 20%. Following previous
internal measurements (which only exhibited uncertainties of 5-10%),
the uncertainties are primarily linked to droplet contour approximations
(e. g. due to non-escaped gas bubbles).

450 . . . . . , ,
L) Measurement
Fit
v Prediction based on Boni et al. (1956)
[ ] Prediction based on Lyon et al. (1994)
¢ Prediction based on Kucuk et al. (1999)
A Prediction based on Goleus et al. (1996) ®
400 | J

mN
m

350 |-

Slag surface tension 'ys|ag/

300 |-

250 I I I I I I I
1000 1100 1200 1300 1400 1500 1600 1700 1800

Temperature T /K

Fig. 8. Surface tension yy,, of slag V82.
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Fig. 9. Density p,,, of slag V82.

The measured densities of the discharged slag V82 are shown in Fig. 9
and have been approximated by

2
Putag =<1.55230- 10* - 2.77484 - 10" (%) +1.97785 - 1072 (%)
3
_ 06 (L)) ke
473592107 (2 ) >m3, %)

where py,, is the density of the liquid slag and T is the temperature.
The measured data vary between 2250 kg/m? and 2538 kg/m? and are
mainly between the predictions of the models of Lange [101] and Fluegel
et al. [102]. The measured data might therefore have uncertainties of
approximately 5%, which are also connected with the droplet contour
approximations (see above).

4.5. Dynamic viscosity measurements

The measured dynamic viscosities of the discharged slag V82 are
shown in Fig. 10 and have been approximated by

104
Mgag = 6.18467 - 10~ exp (%) Pas, (8)

where 7, is the dynamic viscosity of the liquid slag and T is the tem-
perature. The measured data reflect the glassy nature of slag V82 and
are in good agreement with the predictions based on the structure-based
model of Wu et al. [103-107], which has been developed for both the
liquid phase and the supercooled phase below the liquidus temperature.

4.6. Thermal conductivity measurements

The measured thermal conductivities of the discharged slag V82
are shown with uncertainty bars in Fig. 11. The uncertainty bars were
defined using the uncertainties of the temperature and thermal conduc-
tivity measurements employed; the thermal conductivity measurements
have typically exhibited relative uncertainties of approximately 5%. The
measured slag thermal conductivities are mainly in good agreement with
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Fig. 11. Thermal conductivity 4,, of slag V82.

previous data [108,109] of two glass melts with similar compositions
(10% Na,0-20% CaO-70%SiO, and 20% Na,0-10% CaO-70% SiO,).
However, previous measurement data do not exhibit any peaks at glass
transition and decrease to approximately 0.2 W/(mK) between 1200 K
and 1800 K. This could be because of the impact of the composition, as
small changes in CaO and Na, O contents significantly affect the thermal
conductivity [108,109]. Furthermore, the measured data are in good

10
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Fig. 12. Specific heat capacity C‘p of slag V82.

slag

agreement with (i) the model of Choudhary and Potter [110], which
predicts 1.33 W/(mK) + 0.13 W/(m K) for ambient conditions, (ii) a man-
ufacturer’s data sheet [111], which reports 1.5W/(mK) at 773 K for
glass beads similar to the Arteka glass beads, and (iii) data of a pre-
liminary measurement, which are also shown in Fig. 11. Therefore, the
measured data are reliable within the measurement uncertainties and
were approximated using manual and numerical approaches at a root
mean squared deviation of 0.05W/(mK). The derived data are tabu-
lated in the Supplementary material and can be incorporated using cubic
spline interpolation.

4.7. Specific heat capacity measurements

The measured specific heat capacities of the discharged slag V82 are
shown together with a grey shaded +2.5% uncertainty range in Fig. 12.
The measured data are strongly disturbed by heating control failures
(see Section 3.8). Therefore, the peaks and fluctuations between 500 K
and 700K and between 900K and 1200K and the interferences above
1550 K were discarded for the approximation. Moreover, the measured
data reflect the glass transition between 820K and 900K and show
a decreasing trend after the glass transition followed by an increas-
ing trend above 1170K. The latter observations differ from previous
findings for biomass slags, where the specific heat capacity has in-
creased with increasing temperature between 1023K and 1273K [7].
However, this could be related to the different compositions. The trends
might also be connected with partial recrystallisation and remelting
processes, which would be in accordance with the fluid temperatures
of 1420-1430 K (see Table 3). Above 1490 K, the measured data decrease
again to 1439 J/(kg K) and might then be assumed to be constant. This
is in agreement with previous models [68,112], which predict values
between 1462 J/(kgK) and 1480J/(kgK) for the average composition
of the model slag. Therefore, the measured data are reliable within
the uncertainties and were approximated using manual and numerical
approaches at a root mean squared deviation of 12.3J/(kg K) be-
low 1460K. The derived specific heat capacities are tabulated in the
Supplementary material and can be incorporated using cubic spline
interpolation.
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Fig. 13. Slag thickness d,
after reactor shut-down.

(1. Measured at positions MP6, MP5, MP1-4 and MP7

4.8. Slag thickness measurements

The slag thicknesses measured after the bioliq EFG experiments V82,
V83 and V84 are shown in Fig. 13 and are given in Tables 5-8. First of
all, the measured data exhibit large fluctuations. This is in agreement
with previous measurements [7,51] and reflects the non-uniform slag
depositions that were observed during visual inspections and are shown
in Fig. 14. The large uncertainties might also be linked to burst bubbles,
which were present due to the release of gases during solidification (see
Section 5.1.3), even though the bubbles were ignored as far as possible
when conducting the measurements. Moreover, the measured data sug-
gest that the slag deposition is the thickest at the uppermost position
(MP6). This contradicts previous measurement data [7,51], which indi-
cated mainly an increase in slag thickness from the top to the gasifier
outlet. The measured data also suggest that the slag deposition was
mainly thicker after the bioliq EFG experiment V83 than after the bi-
oliq EFG experiments V82 and V84. However, twice the amount of glass
beads was supplied in the bioliq EFG experiment V84, while similar
amounts of glass beads were used in the bioliq EFG experiments V82
and V83 at similar (balanced) gas temperatures (see Table 2). Both de-
viations could be linked to (i) transient effects during reactor shut-down
and (ii) non-quasi-stationary conditions of the slag flow during opera-
tion (see Section 5.3.2). Therefore, the measured slag thicknesses should
be examined and verified using numerical approaches (see Section 4.9),
while future studies may develop experimental online methods for deter-
mining superior data under process conditions and over longer operating
times to ensure stationary conditions in both gas and slag phases.

4.9. Slag thickness predictions

The slag thicknesses were predicted using the 1D slag layer model
and the derived thermal conductivity data (see Section 4.6). The results
are shown for the bioliq EFG experiments V82, V83 and V84 and
the segments 2 and 3 in Figs. 15-17, where the uncertainty bars are
based on estimated uncertainties in the assumed gas temperatures (see
Section 3.10). The predictions are compared with both experimental
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Table 5

Mean slag thicknesses dq, cxpmeans Minimum slag thicknesses dg, cxpmin and
maximum slag thicknesses dqq cxpmax Mmeasured at position MP6 after reactor
shut-down.

Experiment M Hag expmin 9ytag.exp.max
mm mm mm
V82 3.9 3.0 5.1
V83 8.6 5.6 10.2
V84 5.9 45 7.6
Table 6

Mean slag thicknesses dq, expmeans Minimum slag thicknesses dgg cxpmin and
maximum slag thicknesses dq cxpmix Mmeasured at position MPS after reactor
shut-down.

Experiment M sagexp.min 9ytag.exp.max
mm mm mm
V82 3.2 2.3 38
V83 3.7 3.2 4.2
V84 3.5 2.2 43
Table 7
Mean slag thicknesses g exp means Minimum slag thicknesses djg cxp min and max-

imum slag thicknesses dy,, cxpmix Measured at position MP1-4 after reactor
shut-down.

Experiment M ytag exp.min tag expmax
mm mm mm
V82 2.7 1.3 39
V83 3.0 2.7 3.5
V84 2.8 2.0 3.8
Table 8
Mean slag thicknesses d, expmeans Minimum slag thicknesses d, cxpmin and

maximum slag thicknesses d,q cxpmix Mmeasured at position MP7 after reactor
shut-down.

Experiment M ytag expmin tag expmax
mm mm TThom
V82 3.4 2.5 4.5
V83 5.9 4.6 7.9
V84 4.9 4.1 6.4

Fig. 14. Images of the solidified slag depositions after the bioliq EFG experi-
ments V82, V83 and V84.
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Fig. 16. Measured and predicted slag thicknesses dy,, for the bioliq EFG experiment V83.

and CFD data. The experimental data were derived from the measure-
ments at positions MP6, MP5 and MP1-4. The data determined for
position MP5 are shown for both segments, as MP5 is located at the
top of segment 3 and just below segment 2. The uncertainties in the ex-
perimental data were obtained from the minimum and maximum values
assuming rectangular distributions. The CFD data, in turn, were deter-
mined using various RANS based simulations [93] following previous

12

studies [60,72]. The uncertainties in these predictions are about +1.2 mm
and —0.7mm (assuming again rectangular distributions) and are quite
large because of various modelling assumptions and simplifications for
inlet conditions, turbulence-chemistry interactions, homogeneous kinet-
ics, particle dispersion and slag flow [93]. For example, the turbulence
modelling strongly determines the particle dispersion in the boundary
layer and thus the local slag deposition.
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The comparisons show that the predictions are only in good to fair
agreement with the measurements. This is because of (i) non-uniform
SiC coating, (ii) non-uniform slag deposition (see Section 4.8), (iii) tran-
sient slag flow effects and (iv) model assumptions and simplifications.
In addition, the predictions are in better agreement with the experi-
mental data for segment 2 than with the data for segment 3 and are
mainly in better agreement with the data for the upper measuring po-
sition (MP6 for segment 2 and MP5 for segment 3) than with the data
for the lower measuring position (MP5 for segment 2 and MP1-4 for
segment 3). This indicates that the slag thickness data measured un-
der ambient conditions after reactor shut-down could underestimate the
thickness of the slag depositions in the experiments (see Section 4.8).
Therefore, such (imperfect) data should be examined using appropriate
slag layer models, before employing the data for validating CFD models.

Furthermore, the predictions of the 1D simulations are mainly in
good agreement with the predictions of the CFD simulations but also
show the impact of the gas temperature on the predictions. Specifically,
the uncertainties in the predictions (based on the assumed gas temper-
ature uncertainty) are larger for segment 2 than for segment 3. This is
linked to the temperature dependence of the slag thermal conductivity
data and demonstrates that assumptions of one-dimensional slag layer
simulations can strongly alter the predictions (see Sections 5.2.1-5.2.3
and Section 5.2.6). Therefore, such simulations should always be
coupled with CFD simulations to derive appropriate boundary condi-
tions and to provide consistent predictions.

5. Discussion

This section discusses the analyses and measurements, the predic-
tions and possible applications of the derived slag property and slag layer
models.

5.1. Analyses and measurements

This section discusses the influences of the atmospheric measuring
conditions and the gas atmospheres on the measured data as well as the
findings regarding the gas enclosures.
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for the bioliq EFG experiment V84.

5.1.1. Atmospheric measuring conditions

The samples solidified under pressurised conditions, whereas the
analyses and measurements were conducted under atmospheric pres-
sures in line with previous studies [7,14,48] and in the absence of
measuring devices for elevated pressures. When melting the samples
under atmospheric pressures, gases are released and can interfere with
analyses and measurements. Therefore, the gases were removed from
the samples, and the analyses and measurements were repeated multi-
ple times. However, the removal of chemically dissolved gases (e. g. CO,
and H,0) changes the chemical composition and may affect the slag
properties [113]. For example, the dynamic viscosity increases with in-
creasing H,O content and likely decreases with increasing CO, content.
However, the quantitative influences of chemically bound gases on the
chemical and physical properties are unknown and may be investigated
in future works.

5.1.2. Gas atmospheres

The measurements of dynamics viscosity, (high-temperature) den-
sity and surface tension were conducted under reducing argon-hydrogen
atmospheres, whereas those of thermal conductivity and specific heat
capacity were done under inert argon gas because hydrogen containing
gases could not be used in the respective measuring devices. Such non-
reducing atmospheres can have a significant effect on slag properties
when the slag consists of large quantities of oxides with different oxi-
dation states. However, the slag V82 contains much less than 1% Fe,0,
(see Table S1). Therefore, the use of argon atmospheres had a minor
impact on the measured data.

5.1.3. Gas enclosures

The visual inspections after the bioliq EFG experiments showed
numerous burst gas bubbles in the solidified slag deposition (see
Section 4.8). Such bubbles as well as porous structures of solidified
slag have been connected with gas formed due to reactions of cap-
tured carbon or refractory material, where the gas is trapped in the
slag layers because of the continuous slag deposition and flow [50,79].
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Table 9

Relative deviations of slag thickness d,, from baseline predictions: impact of the wall thermal conductivity A, the

slag thermal conductivity 4,,, the gas temperature 7, the convective gas-side heat transfer coefficient 2,4, and

the slag emissivity ¢,

Relative deviations of slag thickness dy,,from baseline predictions /%
Case V82 V83 V84
Segment 2 Segment 3 Segment 2 Segment 3 Segment 2 Segment 3

Awan based on Maxwell model +13.2 +15.3 +10.5 +10.8 +10.9 +13.2
Ayan based on geometric mean model +54.0 +60.9 +38.3 +45.6 +44.6 +52.6
Ayan based on series model —-15.1 -17.5 -114 -123 -12.5 —15.1
Aywan based on parallel model +59.7 +70.8 +42.0 +52.4 +49.3 +61.1
g = 8.7 W/mK) -59 +0.8 —4.1 +1.4 —48 +0.8
Agan = 825 W/(mK) —14.3 —11.1 —10.1 —6.6 —11.8 -9.3
Ayan = 915 W/(mK) +1.8 +114 +1.6 +8.5 +15 +9.9
Aggg = 095 -50 -50 -50 -50 -50 -50
Agyg = 1.05 +5.0 +5.0 +5.0 +5.0 +5.0 +5.0
Agag = 1.5 W/(mK) -15.9 —13.5 -15.9 —13.2 —16.2 —6.2
Agag = 0.7 W/mK) —60.6 -59.6 —60.6 594 —60.8 —56.1
Agag = 1.9W/(m K) +6.4 +9.4 +6.4 +9.7 +6.0 +18.6
Ty —= 20K -94 -5.7 -7.3 —4.3 -7.1 -39
Ty +=20K +9.2 +4.9 +7.1 +3.7 +5.9 +3.7
Ty = Tyascrp +7.0 +4.1 -3.0 -32 -05 -0.2
Ty = Tygsss +39.5 +7.6 +33.5 +9.6 +282 +11.4
Preomygas = 097 -0.6 —0.4 —0.4 -0.2 -03 -0.2
Peonygas = 1.03 +0.6 +0.3 +0.4 +0.2 +0.3 +0.2
€gqe = 0.6 ~15.1 -72 -103 -4 -113 -4
€40 = 0.4 -38.9 -22.5 —26.6 —14.4 -30.6 —12.4

Moreover, the analysis and measurement preparations of this study indi-
cated the release of significant amounts of gas when melting the samples.
However, the density measurements at ambient temperatures and the
morphology analyses showed only tiny amounts of physical gas enclo-
sures (see Section 4.3) in contrast to previous findings [50]. In addition,
the ultimate analyses of the slag samples in the preceding study [6]
demonstrated low carbon contents!. Therefore, the burst gas bubbles
cannot be linked only to chemical reactions and physical gas enclosures;
they could rather be the result of various effects. Some gas might have
been formed due to reactions of captured soot and then been trapped
due to the continuous slagging process. This gas could also tend to dif-
fuse out of the molten slag. Other gas has been chemically dissolved,
as the gas solubility increases with increasing pressure, and may have
been released due to local temperature, pressure and velocity fluctua-
tions, which are particularly strong during reactor shut-down. Finally,
the sizes of burst gas bubbles might have resulted in an overestimation
of enclosed gas. High-temperature endoscopy in combination with high-
speed photography [114] may be used to monitor the local slag flow in
future slagging experiments.

5.2. Predictions

This section analyses the slag layer model sensitivities and the pre-
dicted profiles of slag thermal conductivity, slag velocity, and slag and
wall temperatures.

5.2.1. Impact of wall thermal conductivity

The wall thermal conductivity A,,; was described using thermal re-
sistance models, whereas constant values may be sufficient considering
the complex wall structures and the simplified modelling approach.
Therefore, additional 1D simulations were carried out using three val-
ues: 8.25W/(mK), 8.7W/(mK) and 9.15W/(mK). Relative deviations
from the baseline predictions are compared in Table 9. The results
show that an average wall thermal conductivity of 8.7 W/(m K) provides
similar predictions as the thermal resistance approach. Moreover, the
predicted slag thickness changes up to 14% when the average wall

1 The carbon content of slags V82, V83 and V84 was less than 0.1% (i. e. below
the detection limit), whereas the carbon content of slag V85 was 0.4% [6].
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thermal conductivity is altered by about 5%. Therefore, both 1D and
CFD simulations should describe the wall thermal conductivity using ap-
propriately adjusted wall thermal conductivity data (see Section 5.2.6).

5.2.2. Impact of slag thermal conductivity

The slag thermal conductivity 4, was described using the derived
temperature-dependent data, which exhibits uncertainties of +5%. In ad-
dition, constant values were used in most previous studies due to lack
of data (for example, see [51,60]). Therefore, additional 1D simula-
tions were conducted using the derived data altered by +5% and using
three constant values: 0.7 W/(mK), 1.5W/(mK), 1.9W/(mK). These
values represent minimum, mean and maximum values of the derived
thermal conductivity data (see Section 4.6). The predicted slag thick-
nesses are shown in Figs. 15-17, while relative deviations from the
baseline predictions are listed in Table 9. The comparisons show that
the predicted slag thickness changes by about 5% when the derived slag
thermal conductivity data are increased or decreased by 5%. In contrast,
larger deviations are found for the 1D simulations based on constant
values. For 1.5W/(m K) and 1.9 W/(m K), the predicted slag thickness
changes between —16% and 19%, while the predictions are mainly in
good to fair agreement with the predictions that were obtained using
the derived data. This indicates average slag thermal conductivities of
about 1.7 W/(mK). For 0.7 W/(mK), the deviations are between —56%
and —61%, while the predicted values are mainly close to the measured
data for segment 3. The deviations between predicted and measured data
can therefore be reduced by assuming lower slag thermal conductivities
in line with previous assumptions [51]. However, this would not re-
flect the measured thermal conductivity data and the small amount of
physical gas enclosures and contradict the results for segment 2 and the
bioliq EFG experiments V83 and V84. In summary, the prediction of the
slag thickness strongly depends on the slag thermal conductivity data.
Therefore, both 1D and CFD simulations should be based on appropriate
(measured) thermal conductivity data rather than on guessed data.

5.2.3. Impact of gas boundary conditions

The gas boundary conditions were defined based on various CFD pre-
dictions (see Section 3.10). These predictions, however, are affected by
modelling uncertainties (see Section 4.9) and are typically not avail-
able for a wide range of operating and process conditions. Therefore,
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sensitivity analyses were conducted to investigate the impact of the gas
boundary conditions on the slag thickness predictions. The relative de-
viations from the baseline predictions are presented in Table 9, while
the findings are summarised below:

1. The slag thickness only slightly changes if the gas temperatures
are defined based on the average gas temperatures that have been
obtained from the CFD simulations. Therefore, the assumed gas
temperatures have been good guesses for the boundary conditions
of the baseline simulations.

2. The slag thickness strongly increases for segment 2 and changes
less for segment 3 if the gas temperatures are described using
the WGS temperatures at position B Tygs g2. This is because the
average gas temperatures of segment 3 are close to the WGS tem-
peratures and those of segment 2 are usually 100-200K lower
than the WGS temperatures.

3. The convective gas-side heat transfer coefficient only slightly
affects the predictions. Therefore, for 1D simulations, this coef-
ficient can be assumed based on previous CFD simulations for
similar process conditions.

4. The slag emissivity significantly affects the predictions of the slag
thickness, which decreases with reduced slag emissivity at con-
stant heat extraction. Therefore, for both 1D and CFD simulations,
the slag emissivity should be based on experimental data.

In summary, the accuracy of the gas temperature and the slag emissivity
is crucial for the prediction of the slag thickness, while the accuracy of
the convective gas-side heat transfer coefficient is less important for that.

The results also show that the deviations between measured and pre-
dicted data can be reduced by assuming higher gas temperatures or
lower slag emissivities. However, analyses [6,93] have shown that, in
the lower reactor part, the WGS temperature is close to the gas tem-
perature for the bioliq EFG experiments V82, V83 and V84. Therefore,
the deviations between measured and predicted slag thicknesses cannot
be linked to erroneous gas temperatures but are rather connected with
transient effects (see Section 4.8).

5.2.4. Slag thermal conductivity profiles

The slag thermal conductivity profiles for the bioliq EFG experi-
ment V82 and the segment 3 are shown in Fig. 18. The profile based on
the derived data spans from 0.9 W/(m K) to 1.9 W/(m K); it is thus diffi-
cult to approximate the slag thermal conductivity using a constant value
without detailed heat transfer analysis. Future studies should therefore
avoid assumptions for the slag thermal conductivity and should rely on
measured data (see Section 5.2.2).

5.2.5. Slag velocity profiles

The slag velocity profiles for the bioliq EFG experiment V82 and the
segment 3 were derived using the common gravity-driven steady-state
film flow model and either the derived thermal conductivity data
or constant thermal conductivity values (0.7 W/(mK), 1.5W/(mK),
1.9W/(mK)). The profiles are depicted in Fig. 19 and show that the
slag layer does not exhibit two distinct layers, i.e. a solid and a liquid
layer. This is due to the glassy nature of slag V82 (see Section 4.5). Solid
and liquid slag layers should therefore not be assumed for all slags, in
contrast to typical slag flow modelling approaches, which are based on a
critical slag viscosity or a temperature of critical slag viscosity. Measured
slag viscosity and thermal conductivity data should be used to scrutinise
the approach.

2 The WGS temperature at position B Ty is close to the gas temperature at
position B if (i) a partial WGS equilibrium is expected for position B, (ii) the gas
temperature is below the freezing temperature and (iii) the WGS temperature
is calculated using the gas composition at position B [6]. The WGS temperature
is not affected by the energy balances of the reactor chamber and thus reflects
peripheral heat losses [6].
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Fig. 18. Slag thermal conductivity profiles for the bioliq EFG experiment V82
and segment 3.
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Fig. 19. Slag velocity profiles for the bioliq EFG experiment V82 and segment 3.

5.2.6. Wall and slag temperature profiles

The wall and slag temperature profiles were studied using either
the derived thermal conductivity data or constant thermal conductivity
values (0.7 W/(mK), 1.5W/(mK), 1.9 W/(mK)). The predicted wall and
slag temperature profiles are shown for the bioliq EFG experiments V82,
V83 and V84 and the segments 2 and 3 in Figs. 20-22. In addition,



M. Dammann, S.C. Walker, M. Miiller et al.

Fuel 427 (2027) 139480

1800 : : : :
1D simulation based on derived data
— = 1D simulation based on 0.7 W /(m K)
------ 1D simulation based on 1.5 W /(m K)
1600 = - = - 1D simulation based on 1.9 W /(m K) 1
H Measurement
T Uncertainty range of inner wall temperature
1400 |- B
X
~
~ 1200 - -
(]
=
3
)
°
S 1000
§
[t
800 |- ) B
°
— ® =
T 3 = s
] 2 2
600 2 = ¥ =
8718 & z
400 | | | |
0 0.2 0.4 0.6 0.8 1

Normalised radius r

Fig. 20. Wall and slag temperature profiles for the bioliq EFG experiment V82 and segment 2 (left) and segment 3 (right).
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Fig. 21. Wall and slag temperature profiles for the bioliq EFG experiment V83 and segment 2 (left) and segment 3 (right).

horizontal lines represent the water and gas boundary temperatures,
and grey areas highlight the uncertainty ranges of the slag tempera-
ture profiles that are obtained using the derived data. The uncertainty
ranges reflect the uncertainties in the measured slag thermal conductiv-
ity of +5% (see Section 3.7). Furthermore, the temperatures measured
using thermocouples at positions T1, ..., T10 (see Fig. 2 and [6]) are
shown in Figs. 20-22. The uncertainties in these temperatures were
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calculated using the measured data and assuming +3 mm as uncertainty
of the thermocouple positions®. Finally, as the comparison of measured
and predicted wall temperatures is restricted through the assumption

3 The exact positions of the thermocouples are not known in contrast to
previous statements [51].
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of a homogeneous wall layer, uncertainty bars are shown for the inner
wall temperatures in Figs. 20-22. The uncertainty bars were determined
based on extrapolation of the measured temperatures. The extrapolation
was implemented expecting that only SiC is placed between the slag and
the thermocouple tip, i.e. using the SiC thermal conductivity instead
of the effective wall thermal conductivity. The findings based on the
measured and predicted temperatures are summarised below:

1. The predicted wall temperature profiles are almost linear due
to the simplified thermal conductivity approach and the small
temperature dependence of the wall thermal conductivity.

2. The predicted slag temperature profiles based on the derived data
are clearly non-linear, in contrast to usual assumptions of linear
slag temperature profiles for slag flow simulations.

3. The predicted wall temperatures were appropriately adjusted to
the measured temperatures using the thermal resistance approach
based on series, Maxwell and parallel models.

4. The predicted inner wall temperatures are afflicted with high un-
certainties due to the uncertainties related to the thermocouple
positions and the composition of the cooling screen.

5. The slag properties and the wall structures determine the tem-
perature distribution between cooling water and inner reactor
chamber.

5.3. Possible applications

This section discusses the use of the derived slag property data for
model development and validation as well as the use of the segmental
slag layer model for process monitoring and balancing.

5.3.1. Model validation

The analyses, measurements and simulations were conducted
assuming that the derived data can be used for describing the slag prop-
erties in numerical simulations of the bioliq EFG experiments V82, V83,
V84 and V85. However, some comments and comparisons are necessary
to justify this approach:
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22. Wall and slag temperature profiles for the bioliq EFG experiment V84 and segment 2 (left) and segment 3 (right).

1. The analyses and measurements of the material properties were
conducted after removal of chemically dissolved gases. The quan-
titative influences of these gases are unknown at this stage (see
Section 5.1.1). Therefore, the slag property models do not account
for this effect.

2. The density measurements at ambient temperatures and the
morphology analyses showed only tiny amounts of physical gas
enclosures (see Section 4.3). Therefore, the slag property models
do not need to reflect them.

3. The density analyses at ambient temperatures showed fairly
similar densities for the discharged and deposited slags (see
Section 4.3). Therefore, the properties of the deposited slag V82
can be described using the properties of the discharged slag V82.

4. The chemical analyses and the melting analyses indicated similar
material properties for the samples of discharged slags V82, V83,
V84 and V85 (see Sections 4.1 and 4.2).

In conclusion, the thermo-physical property data derived for slag V82
may be used to describe the slag properties in numerical simulations of
the bioliq EFG experiments V82, V83, V84 and V85. Furthermore, chem-
ical compositions, melting temperatures and slag thicknesses as well as
experimental, balancing and equilibrium data [6] are available as input
and validation data. The preceding study and the present study thus pro-
vided several consistent and unique data sets for the development and
validation of high-pressure entrained flow gasification models with sur-
rogate suspension fuels. This in particular stresses again that glass beads
were used instead of technical ashes. This was done in order to minimise
catalytic effects and material variability over long operating times (more
than 130h in total), while accepting different chemical and physical
properties compared to biogenic or anthropogenic ashes. For example,
ashes from straw derivatives have consisted mainly of 55-61% SiO,,
20-24%K,0 and 10-12% CaO and have thus exhibited high contents
of K,0, which was partially released as volatile matter in high-pressure
entrained flow gasification experiments [7]. Moreover, the discharged
biomass slags showed lower densities and surface tensions [7] com-
pared to slag V82. Therefore, the glass slag property data compiled in
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this study can usually not be adapted to slags from other feedstocks, 5.3.2. Process monitoring and balancing

e. g. biomass. However, in the absence of complete, consistent and supe- The operating and process conditions in gasification plants are
rior slag property data, the data compiled could still be used for design typically monitored using various quantities. For the bioliq EFG
and scale-up of high-pressure entrained flow gasification processes with experiment V83, the measured dry gas-species concentrations at posi-
biogenic or anthropogenic pyrolysis oils that typically exhibit low ash tion C (see Fig. 1 and [6]) and the pseudo-steady-state water-gas-shift
contents. temperatures are shown in Fig. 23. These curves show quasi-stationary
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gas-phase conditions for extended periods with constant operating pa-
rameters. In addition, the measured refractory temperatures (see Fig. 2
and [6]) as well as the heat fluxes derived for segments 2 and 3 (see
Fig. 2 and [6]) are shown in Figs. 24 and 25. These curves, in turn,
indicate approximately constant heat extractions but also strongly fluc-
tuating refractory temperatures in the period with constant operating
parameters. Therefore, monitoring of measured data as well as data
derived from mass and energy balances does not always support the
evaluation of the slag flow behaviour during plant operation and the
identification of appropriate periods of time with approximately sta-
tionary conditions (balancing periods). Moreover, the slag flow and the
slag thickness can currently not be monitored online using experimen-
tal methods. Therefore, simplified modelling approaches may be used
instead. In this study, a slag layer model was implemented following
Egs. (1)-(5). This model assumes the WGS temperature as gas temper-
ature, neglects energy accumulation for both slag and refractory and
was tested using the process data of the bioliq EFG experiment V83. For
the period with constant operating parameters, the predicted slag thick-
nesses are shown in Fig. 25. Firstly, the predictions for segment 3 and
the balancing period are similar to the results shown in Fig. 16, while
those for segment 2 are higher because the assumed gas temperatures
(i. e. the water-gas-shift temperatures) are 100-200K higher than the
temperatures prevailing in the boundary of segment 2. Secondly, the
predictions show less fluctuations in the selected balancing period than
in the periods before. This confirms the trends of the water-gas-shift tem-
perature and the heat fluxes and shows the best possible selection of the
balancing period. Moreover, it demonstrates that simplified modelling
approaches are useful tools to monitor the slag behaviour during plant
operation and to determine appropriate balancing periods.

6. Conclusions

Surrogate slag property data were derived for the development and
validation of slag flow models, required for numerical simulations of
(technical) slagging entrained flow gasifiers. The data were generated
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in the course of four bioliq EFG experiments with mixtures of ethy-
lene glycol and glass beads as well as pyrolysis oil and glass beads
at thermal inputs of up to 5MW and operating pressures of 40 bar.
Ethylene glycol and glass beads were used in order to derive experimen-
tal data under well-defined conditions and enable numerical modelling
for well-defined feedstocks. The outcomes of this study are summarised
below:

1. Measured data of chemical and physical slag properties including
composition, melting behaviour, density, surface tension, dy-
namic viscosity, thermal conductivity and specific heat capacity

2. Data of slag thickness measured at four refractory positions af-
ter completing three pilot-scale experiments (i. e. under ambient
conditions after reactor shut-down)

3. One-dimensional slag layer model based on appropriately simpli-
fied geometry and derived process and slag property data

4. Analysis of slag thickness based on the measured and predicted
data for stationary and quasi-stationary conditions

5. Analysis of slag temperature and velocity profiles based on
derived or constant slag thermal conductivity data

The slag property data are complemented by experimental, balanc-
ing and equilibrium data, which are given in the preceding study [6].
To the best knowledge of the authors, these are the only complete
and consistent data sets for pilot-scale entrained flow gasifiers. Even
though the data sets were not derived for technical feedstocks but for
surrogate suspension fuels, future studies may use them to develop
and validate high-pressure entrained flow gasification models. In ad-
dition, detailed slag flow simulations of the bioliq EFG experiments
may be conducted using the volume-of-fluid method (see [8,26,30]) or
the smoothed-particle-hydrodynamics method (see [43,44]) in order to
analyse transient slag flow effects during stationary conditions. Detailed
(three-dimensional) simulations may also focus on the heat transfer be-
tween cooling medium and inner reactor chamber, accounting for the
complex refractory structures, in order to develop simplified approaches
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following previous works [34,115]. Furthermore, experimental studies
may use the outcomes of this study as motivation to develop online
methods for measuring slag thicknesses under process conditions and
to analyse material properties of technical slags using novel pressurised
setups.
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