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Characterisation of coke packed beds after liquid slag flow at 1 500°C by image
analysis

Abstract

The flow of slag in the lower zone of the ironmaking blast furnace was experimentally simulated by
adding slag to a high temperature laboratory scale coke packed bed. The flow of slag through packed
beds of coke with packing densities varying from 50% to 65% was examined at 1 500°C. Since the liquid
flow through a packed bed depends on packing properties such as particle size, particle shape, pore size
and pore neck size, it was necessary to characterise these properties of the beds. In this work, image
analysis of successive sections of the tested beds was utilised to characterise the bed packing
properties. In addition, the slag distribution and holdup was also measured. The procedure was that at the
end of each experiment, the beds were cooled down, cold mounted in resin, then sectioned into
approximately 4 mm thick slices. Each section was then analysed to measure particle and pore geometric
properties, and slag distribution. It was found that the slag holdup was well distributed within the bed and
was varied in position between bed cross sections, indicating no significant wall effect. The average pore
size and average pore neck size were found to decrease as the packing density increased. Slag flow
caused the particle sphericity and the average pore neck size to increase in comparison to an unreacted
bed due to the slag-coke interaction.
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Abstract

The flow of slag in the lower zone of the ironmaking blast furnace was experimentally
simulated by adding slag to a high temperature laboratory scale coke packed bed. The flow of
slag through packed beds of coke with packing densities varying from 50% to 65% was
examined at 1500°C. Since the liquid flow through a packed bed depends on packing
properties such as particle size, particle shape, pore size and pore neck size, it was necessary

to characterise these properties of the beds.

In this work, image analysis of successive sections of the tested beds was utilised to
characterise the bed packing properties. In addition, the slag distribution and holdup was also
measured. The procedure was that at the end of each experiment, the beds were cooled down,
cold mounted in resin, then sectioned into approximately 4 mm thick slices. Each section was
then analysed to measure particle and pore geometric properties, and slag distribution. It was
found that the slag holdup was well distributed within the bed and was varied in position
between bed cross sections, indicating no significant wall effect. The average pore size and
average pore neck size were found to decrease as the packing density increased. Slag flow
caused the particle sphericity and the average pore neck size to increase in comparison to an

unreacted bed due to the slag-coke interaction.

Keywords: blast furnace; slag; coke; liquid flow; liquid holdup; image analysis; packed

bed.



1. Introduction

In the lower zone of an ironmaking blast furnace, the flow of liquid slag and iron and their
holdup affect furnace permeability, performance and productivity. Due to the limited
accessibility of this zone under the operational conditions, experimental and mathematical
simulation approaches have been adopted to study liquid flow in this zone. For this, the lower
zone is often approximated to flow through a coke packed bed * 2. Consequently, studies of
liquid flows in a packed bed and the channels developed between packed coke particles

should give insight into blast furnace performance and operation.

Early studies of the flow of liquids through packed beds were based on room temperature
experiments and have attempted to relate the liquid holdup to bed packing properties and
liquid properties (density, viscosity and surface tension) in addition to the interfacial

properties between liquid and bed material via empirical mathematical formulae 2.

Bed, liquid and flow parameters have been utilized in the form of dimensionless numbers
(modified Reynolds Number Ren,, modified Galileo number Gay, Interfacial Force Number
Ne and modified Capillary Number Cpy,). These dimensionless numbers have been utilized in

the mathematical formulae to predict the liquid holdup and are defined in Equations 1-4.

Modified Reynolds Number, Re,, = 229 (1)
(1-8).y
2 3
Modified Galileo Number, Ga,, = % 2)
Interfacial Force Number, Ne =1 + cosf 3)
2
Modified Capillary Number, Cp,, = —218(dp®) (4)

(1—-€)20(1+cosB)



where p;: liquid density, kg/m®, u: liquid superficial velocity, m/s, dp: particle diameter, m, ¢:
particle sphericity, &: bed voidage, g: gravitational acceleration, m/s%, p: liquid viscosity,
Pa-s, o: liquid surface tension, N/m, and 0: liquid contact angle with bed material, rad. The

conduit diameter for the flow condition was taken as the particle diameter.

In a packed bed, bed voidage, ¢, is the ratio of the pore (or void) volume to the bulk volume
of the bed ®. Alternatively, bed packing density (pg) IS @ measure of how closely packed a
bed is and is defined as the volume fraction of the bed that is occupied by the packing

material ®. The relation between both terms is defined by Equation 5.

e=1-pp ®)

In considering flow through a packed bed, liquid holdup is divided into two main types, static
and dynamic. Static holdup (Hs) is the amount of liquid that does not freely drain from the
bed, but instead remains within the bed’s voids after stopping the flow. Dynamic holdup (Hg)

is the liquid that flows out of the bed after stopping the flow.

Mathematical description of liquid holdup has been based on room temperature-based packed
bed experiments >*. Examples of these models are given in Equations 6 and 7 by Fukutake ?

for Hs and Hq respectively.

1

Hs = 20.5+0.263 .Cpm (6)

Hy = 6.05Re%48Ga 248> (Cpy, (1 + cos0)) %097 N2648 (7

The above empirical models treat the bed as a single unit. However, the macroscopic flow of

the liquid through packed bed particles is governed by the localized liquid flow patterns at the



level of the individual pores that form between bed particles. These pores are generally inter-
connected and are accessible through their relatively narrow pore necks where the flow is
mostly governed by interfacial phenomena " ®. A recent study by the current authors
focussed on quantifying the minimum pore neck size for flow of liquid slag through a coke
channel revealed that while there is a minimum pore neck size for slag to pass through, this
size was time dependent. The minimum diameter at 30 minutes and 1500°C for a number of
different slag and coke types was approximately 4.4 mm. At longer times the slag was able to
flow through smaller channels. There was evidence of reaction at the slag-coke interface that
resulted in what was thought to be SiC formation. The time dependence of this minimum
pore neck size was explained in terms of changes (lowering) of the contact angle, also
measured in the study, between the slag and coke with time as a consequence of the
interfacial reaction. This resulted in the slag-coke system changing from a non-wetting to a

wetting system and favouring pore infiltration.

From Equations 1-7, packing density and particle sphericity needed to be measured for a bed
so that Hs and Hy could be calculated. Also, the pore neck size distribution needed to be
characterised to investigate the accessible pores and estimate possible flow channels in a

packed bed.

The characteristics of liquid flow through packed beds depend on liquid properties, liquid-
bed interaction and bed packing properties. Due to this it is necessary to characterise the
actual bed packing properties and pore structure for each flow condition. Unfortunately the
bed characteristic data such as voidage, pore size and pore neck size distribution are not

known a priori, but can only be determined after the bed is constructed and analysed 1%.



Fig.1 An example of a full set of scanned images of post experiment cross sections of a
packed bed. Bed packing density: 55%. Slag, coke analogue and resin appear as white, dark
grey and light grey areas respectively. Images are sorted from the top section of the packed
bed (01) to the bottom of the packed bed (22). Experimental duration = 90 minutes.
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Fig. 2 Two-dimensional presentation of three-dimensional pores and pore necks .
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Fig.3 An example of images of a cross section of a coke bed after an experiment - position:
1cm above bed bottom. 1- The image before processing, 2- A layer of manually defined pore
necks (black lines), 3- A layer of the identified bed pores (in white) and coke particles (in
black), 4- A layer of the slag phase (in white).
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Fig. 4 A typical example of the distribution of pore equivalent diameter within the bed -

pB-

55%. Experimental duration = 90 minutes.
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Fig. 5 Cumulative distribution of pore equivalent diameter within the bed. Experimental

duration = 90 minutes.
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Fig. 6 Cumulative distribution of pore neck size within the bed. Experimental duration =
90 minutes.
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Fig. 7 Estimated pore equivalent diameter versus bed packing density. Experimental duration

= 90 minutes.

27



—

Pore neck size, mm
O =2 NWhAAOON®®OWO

AMaximum

+ Average

.
hd

(4]
o

55 60 65
pg %

Fig. 8 Estimated pore neck size versus bed packing density. Experimental duration = 90
minutes.
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©Estimated by the slag weight in the bed after flow (Hs)
©Measured by image analysis (H's)
% Calculated using Fukutake (equation 6)
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Fig.9 A Comparison of the static holdup estimated by bed mass method, estimated by image
analysis method and calculated by Fukutake model for different packing densities.
Experimental duration = 90 minutes.
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Fig. 10 Estimated coke analogue particle sphericity for a bed before slag flow and after slag
flow - pg=55%. Experimental duration = 90 minutes.
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Fig. 11 Estimated bed pore neck size distribution for a bed before slag flow and for a bed after

slag flow - pg=55%. Experimental duration = 90 minutes.
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Fig. 12 A schematic illustration of the change in coke particle roundness and pore neck size
due to slag flow.
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Fig. 13 The variation of the estimated pore neck size percentage by image analysis plotted

against bed packing density.
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Table 1 Comparison of the bed packing density measured by image analysis method before

and after experiment. Nominal pg=55%.

Packing density
measured by image
analysis p’g, %0

Before Slag flow

After slag flow

47.8

48.6
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down beds.
. % of % of % of
Nominal icl P . P K
Packing Particle ore size, ore nec pore pore pore
densit sphericity mm size, mm necks necks necks
y >44 mm | >3.0 mm | >2.0 mm

50% 0.62 6.3 2.4 9.1% 26.7% 53.0%

55% 0.61 4.8 2.1 6.8% 20.4% 45.1%

60% 0.59 45 1.6 2.7% 8.5% 24.9%

65% 0.63 4.1 1.4 0.9% 5.4% 21.1%

Table 2 Summary of the average bed packing properties obtained from image analysis of the cooled
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