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For the first time, the bed voidage of samples from interrupted
softening and melting (S&M) under load tests was measured
directly using computed tomography (CT). The large size, fused
structure and high metallic iron content of the samples required the
very high energy synchrotron X-ray source for scanning; samples
produced at higher temperatures, e.g., 1 450°C, required neutron
CT to allow adequate penetration of the samples. This method was
able to uniquely and accurately identify the volumes, distributions,
and structures of coke, ferrous, and void in the S&M samples, and
quantify the tortuosity of the voids. This information is critical for
analysis of the pressure drop—contraction relationship in the S&M
under load test, and will allow the improvement of the treatment of
the cohesive zone in numerical models of the blast furnace.
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1. Introduction

As a routine test, the softening and melting (S&M) under
load test is used to evaluate the quality of ferrous burden
materials for the ironmaking blast furnace (BF), or as a
research tool to study the phenomena occurring in the cohe-
sive zone. Useful information such as S&M temperatures,
permeability, contraction and reducibility can be obtained
from the test. Particularly, the measured permeability or
pressure drop results are of great importance as they relate
to the operational stability and productivity of the BF. To
gain insights into this complex process, many studies have
examined the quantitative relationship between pressure
drop and bed height/contraction, using approaches such as
the well-known Ergun equation,? Sugiyama model*>* and
permeability resistance formula.>® In those studies, the key
factor bed voidage of the ferrous layer is usually assumed
or estimated from physical models.

It is desirable to accurately measure the bed voidage of the
samples in the S&M process, however, the relatively large
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diameter (~60 mm in this work) and fused structure of the
samples incorporating coke particles make it very difficult
to measure using regular approaches such as mercury intru-
sion porosimetry. The development of the X-ray computed
tomography (CT) technique has enabled researchers to study
the three-dimensional (3D) microstructure of ferrous materi-
als used in the ironmaking process, such as the porosity of
sinter, granules and reduced pellet.”'” Nevertheless, to the
knowledge of the authors, X-ray CT has never been used to
examine the 3D structure of S&M samples. The high pro-
portion of metallic iron (>50%) requires very high energy
to penetrate the samples, i.e., normal laboratory scale CT
scanners are not capable of penetrating the samples.

For the first time, synchrotron X-ray and neutron CT
were employed to scan the samples from interrupted S&M
under load tests, uniquely reconstructing the 3D structure of
the samples, identifying the coke and ferrous particles and
quantifying the void fraction as a function of sample height.
The methodology is presented and preliminary results are
discussed.

2. Methodology

2.1. Preparation of Samples

The apparatus and detailed testing conditions for the
S&M under load test have been given in a previous paper.'"
In short, Australian porous hematite-goethite lump ore
(PHGL) samples (10-12.5 mm diameter, 70 mm height)
were sandwiched between two layers of coke (10—-12.5 mm
diameter) in a graphite crucible (60 mm inner diameter) and
subjected to a programmed, time-dependent temperature
profile, reducing gas flow and load. The S&M under load
tests were interrupted at various temperatures by stopping
the heating and changing from reducing gas to N,. Figure
1 shows the measured contraction and pressure drop across
the burden as a function of sample temperature, with the
temperatures at which tests were interrupted indicated with
markers. After cooling, the graphite crucibles containing
the coke and ferrous particles were set aside for CT scans.

2.2. CT Scanning

Crucibles from tests interrupted at 1 080°C, 1 200°C, and
1 300°C were scanned using X-ray CT at the Australian
Synchrotron, whereas crucibles from interruptions at
1 450°C were scanned using neutron CT at the Australian
Centre for Neutron Scattering (ACNS). Both beamlines are
part of ANSTO’s (Australian Nuclear Science and Technol-
ogy Organisation) research facilities.

2.2.1.  Synchrotron X-ray CT Scanning

The X-ray CT was conducted at the Australian
Synchrotron’s Imaging and Medical Beamline (IMBL),
which uses a 4.2T superconducting multipole wiggler as its
insertion device and is equipped with a double crystal-Laue
monochromators.'?

For this study, hutch 3B with the sample ~135 m from the
source was used with the synchrotron itself operating at 200
mA ring current and an energy of 3 GeV. Due to the highly
absorbing character of the S&M samples, a filtered white
beam (‘pink beam’), was used instead of monochromated
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Fig. 1. Measured contraction and pressure drop results for PHGL.
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X-rays because of its much higher beam flux, which improved
the signal to noise ratio of the measurements. The beam was
filtered by 12 mm of copper to obtain a polychromatic beam
with a weighted average energy of ~150-160 keV. Projection
images were collected using a pco.edge CMOS sensor fitted
with an optical lens through a gadolinium oxide scintillation
screen (via a 45° mirror). The effective voxel size was 31.5
um® and each scan consisted of 1 800 projections over 180°
with an exposure time of 0.12 s per acquisition. Because of
the large size of the samples, multiple scans were collected
on each sample at different height levels (see Fig. 2(a)) and
the individual vertical slices for each angle were combined
into a single image before CT reconstruction.

2.2.2. Neutron CT Scanning

The neutron CT scan was conducted at the neutron radi-
ography and tomography beamline called DINGO, operated
by ANSTO’s ACNS. The instrument, fed by the 20 MW
nuclear research reactor OPAL, features a thermal neutron
spectrum with a maximum intensity at l 08 A and full width
at half maximum (FWHM) of 0.9 A."?

For this work, the DINGO was set up in high resolu-
tion acquisition mode and equipped with an iKon ANDOR
CCD camera with 2 048 x 2 048 square pixels (16 bit). The
1nstrument was configured with an eﬁ”ectwe voxel size of 50
,urn over a field of view of 100x 100 mm? (only one scan
is needed for each sample) by coupling a 50 mm lens with
a OLiF/ZnS scintillation screen 100 ym thick. The tomo-
graphic scans consisted of 2 000 projections over 180° with
an exposure time of 40 s per single acquisition.

2.3. Data Processing

2.3.1. CT Data Reconstruction

After the scanning, the vertical CT images were recon-
structed and converted to a stack of two-dimensional (2D)
horizontal images (see Fig. 2(b)). The synchrotron X-ray
CT images reconstructions were performed using the fil-
tered back projection method,'® utilising the “X-TRACT”
software package from CSIRO (Commonwealth Scientific
and Industrial Research Organisation). Detector dark field
noise and flat field (profile of the beam on the detector with
no sample) background corrections were applied to each
projection before reconstruction.

The neutron data sets were pre Iprocessed and reconstructed
by using the Octopus package. ) The neutron projections
were pre-processed for noise, dark field, flat field, tilt and
beam-hardening corrections. The reconstruction of the 3D
model was based on the filtered back projection inverse
Radon transform.'®

2.3.2. CT Images Segmentation
After the reconstruction, each stack of 2D images (corre-
sponding to each sample) were converted into a 3D greyscale
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Fig. 2. Example of data processing: (a) original vertical synchro-
tron CT image (multiple scans); (b) reconstructed horizon-
tal greyscale image in ferrous layer; (c) segmented and
coloured horizontal image. (Online version in color.)
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volume that was used for image processing and segmenta-
tion. Each 3D volume consisted of a regular volumetric grid
where each voxel had a unique grey scale that was a function
of the attenuation of X-rays or neutrons at that point. Prior
to being segmented to delineate ferrous, coke and void,
each volume was filtered using a modified version of the
3D gradient Watershed segmentation algorithm described in
a former work'” to produce a binary image for each of the
phases of interest (see Figs. 2(c) and 3). After segmentation,
quantitative measurements (size and morphology) were
computed on the different phases using CSIRO-developed
codes to provide 3D characteristics and statistics of ferrous,
coke and void (see Fig. 4).'*'7

3. Results and Discussions

Figure 3 shows the reconstructed 3D structures and
extracted void networks for coke and ferrous layers from
the interrupted S&M under load tests. As shown, the voids,
ferrous and coke particles in the S&M samples from tests
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Fig. 3. 3D structure and void network of S&M under load test
samples. (Online version in color.)
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Fig. 4. Volume fraction of ferrous, coke and void as a function of
bed height. (Online version in color.)
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interrupted at various temperatures were all clearly identified
because of their different attenuations to X-rays and neutrons.
The synchrotron X-ray CT (~30 min per sample) was found
to be superior to the neutron CT (>20 hr per sample) in terms
of the scanning speed, but it could not effectively penetrate
the metallic iron in the samples obtained above 1 300°C.

Figure 4 shows the measured volume fraction of coke,
ferrous, and void as a function of bed height for each sam-
ple, with the initial bed structure indicated schematically.
As observed in Fig. 3, the coke and ferrous layers became
intermixed at higher temperatures. Thus, the bed heights
with equal volume fraction of coke and ferrous material
were chosen to delineate the boundaries between the coke
and ferrous layers.

Generally, the bed voidage of the ferrous layers decreased
with temperature and was always lower than that for the
coke layers, and the measured vertical tortuosity of the voids
varied in the range from 1.8 to 4.3. The voidage of the coke
layers varied in the range 36% to 48%. This is consistent
with a previous study, which showed the bed voidage in a
layer of 10 mm coke particles was 41.8%.” An increase in
coke voidage can be observed at the bottom and top of the
crucible (0 and maximum sample height) due to the end
effect.

There was a sharp decrease in the voidage of the ferrous
layer from 23.2% to 2.5% when the temperature increased
from 1 080°C to 1 200°C although the pressure drop across
the burden didn’t increase significantly (see Fig. 1). The
voidage remained around 3% in the ferrous layer after the
temperature reached 1 300°C. However, the voidage in the
ferrous layer increased to 7% at 1 450°C, which is thought
to be due to a combination of the spacer provided by coke
particles present in the layer and the flow out of melt from
the core of PHGL particles. As shown in Fig. 5, the optical
image of the same sample for the CT scanning confirmed
that large empty cores were produced at this temperature.
In addition, both the optical image and the void network
showed the majority of the reducing gas passed between the
ferrous layer and the wall at 1 450°C.

Although coke and ferrous samples were initially loaded
into the crucible in distinct layers, coke particles were iden-
tified inside the ferrous layer at higher temperatures and the
volume fraction increased continuously with temperature,
e.g., the coke fraction mixed in the ferrous layer was up to
24% at 1 450°C. There are three possible reasons for this:
a) the rearrangement of ferrous and coke particles caused by
the load,' b) the penetration of ferrous melt into the coke
layers” and c) the miss-identification of coalesced slags as
coke particles due to their similar attenuation coefficients or
the beam hardening effect.

This quantification of bed voidage has been used to com-
pute the pressure drop of the burden in comparison to the
experimental data.'” Tmproved pressure drop models will be
developed based on this technique for inclusion in numeri-
cal models of the BF. The quantification of the 3D void
structure will also allow the flow domain to be meshed for
computational fluid dynamics simulation. Future work will
investigate the potential to combine the optical microscopy
and X-ray/neutron CT on the same sample to enhance our

Fig. 5. Optical image of PHGL bed from interrupted S&M under

load test at 1 450°C.
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ability to delineate the coke/slag phase in the ferrous layer,
and will consider options for the in-situ direct measurement
of bed voidage in the S&M under load test.

4. Conclusions

Up until now, it has not been possible to directly mea-
sure the void fraction of samples from S&M under load
test because of their size, fused structure and high metallic
iron content. For the first time, a novel direct measurement
approach using an X-ray beam at the Australian Synchrotron
(IMBL) and a neutron beam at the ACNS (DINGO) has
been applied to samples from interrupted S&M under load
tests.

The CT scans were able to identify the volumes, distribu-
tions and structures of coke, ferrous, and void in the samples.
The bed voidage of an Australian porous goethite-hematite
lump ore decreased from ~23% to ~3% as the temperature
increased from 1 080°C to 1 300°C, but increased to about
7% at 1 450°C, due in part to the influence of the intermix-
ing of the coke and ferrous layers.

The obtained information is important to further our
understanding in the S&M behaviour of ferrous burden
materials. As an example, the measured voidage can be
used in the calculation of the pressure drop—contraction
relationship in the S&M under load test, and will allow
the improvement of the treatment of the cohesive zone in
numerical models of the BF.
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