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Abstract The flowability of the dust separated in dry off-
gas cleaning systems is an important characteristic for the
design of dust storage and conveying equipment. The angle
of repose is often used as an indicator for the flowability
of granular material. In this study the results for the flowa-
bility obtained from the angle of repose and by the ratio of
the consolidation stress to the unconfined yield strength were
compared for 77 dusts from various dry off-gas cleaning sys-
tems. For dust with a Sauter mean diameter of >5 μm the
flowability indicated by the angle of repose and the results
of a shear test performed at a low pre-shear load correlated
reasonably. For dusts with a smaller particle size such a cor-
relation did not exist. The values of the angle of repose were
scattered with no relation to the results of the shear test. The
dependence of the angle of repose on the d32 described in the
literature was confirmed for the coarser dusts only. For dusts
with a smaller particle size such a relationship does not exist.
For very fine dusts the angle of repose was even smaller. This
effect was attributed to the visible small agglomerates formed
during the angle of repose measurement. These agglomerates
rolling down the slope prevented the formation of a steeper
cone which limits the angle of repose.
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1 Introduction

The flowability of the dust separated in dry off-gas cleaning
systems is an important characteristic for the design of dust
storage and conveying equipment. After separation from the
off-gas, the fine granular material has to be discharged safely
from the hoppers of the dust separators and then conveyed
to silos for storage. Subsequently, the material has to be dis-
charged from the silo again for further treatment, utilisation
or transport to landfill sites.

In advanced bulk solids testing, shear testers are used
for the investigation of the flow characteristics. The first
shear tester designed for bulk solids testing was the trans-
lational shear tester developed by Jenike [1]. Some years
later the first ring shear testers were designed. In shear
tests the yield loci are determined for various normal stress
loads at pre-shear. For each yield locus corresponding val-
ues of the consolidation stress σ1 and the unconfined yield
strength σc can be determined. The ffc value which is the
ratio of σ1 to σc provides a quantitative characterization of
the flowability of a powder [2]. The larger the ffc is, the bet-
ter a powder flows. The classification used to define flow
behaviour consists of five categories: not flowing: ffc < 1;
very cohesive: 1 < ffc < 2; cohesive: 2 < ffc < 4; easy-
flowing: 4 < ffc < 10, and free-flowing: 10 < ffc [3]. The
flowability of most powders depends on the consolidation
stress. Usually, better flowability will be obtained at a higher
consolidation stress. For the design of powder storage and
conveying equipment the data obtained by shear tests are
required.

The flowability of a granular material can also be charac-
terized roughly by the angle of repose [4]. Seven flowability
categories ranging from very, very poor to good free flow are
defined according to the United States Pharmacopeial Con-
vention USP 29-NF24 (as cited in [5]). The instrument for the
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measurement of the angle of repose is comparatively simple
and performing the measurements is easy. The basic princi-
ple of most methods is measuring the height and the diameter
of the base of a cone, which is obtained by allowing a sample
to fall through a fixed distance from a defined funnel onto a
horizontal base plate. Various standards are available for the
measurement, e.g.: ISO 4324 [6], ISO 8398 [7], ÖNORM
EN 12047 [8] or ASTM D6393 [9].

Wouters and Geldart [10] reported a dependence of the
angle of repose on the Sauter mean diameter d32 of the par-
ticle size distribution of various tested materials (d32 from
8 to 113 μm). Such a dependence was also shown for other
granular materials like glass beads (size range from 20 to
170 μm) by Wong [11], for a flame retardant filler (d32 from
6 to 63 μm) by Geldart et al. [4,12] or for pulverized coal
(size range from 12.5 to 137.5 μm) by Wang et al. [13]. For all
materials tested, the value of the angle of repose was higher
for materials with a smaller particle size. For single materials
quite good correlations were found for the angle of repose
and the particle size [4]. However, for different materials the
curves differed substantially [10].

The angle of repose measured for a granular material
depends on the measuring method and the operator. This is
because the measurement technique shows limited repeata-
bility and reproducibility which, in part, can be ascribed to
the operator [14]. Rousé [15] compared six methods for mea-
suring the angle of repose. Using various samples of sand as
test material the repeatability of the values of the angle of
repose was very good (95% of the values having a dispersion
of less than 1.5◦). However, the measured angle of repose
varied significantly from method to method. Wang et al. [13]
compared three different measuring methods for the angle
of repose by testing pulverized coal. They, too, found some
differences in the results measured with the various methods.

The aim of this study was to investigate whether measure-
ment of the angle of repose can provide an indicator for a
rough assessment of the flowability of dusts from dry off-
gas cleaning systems. The flowability of 28 residues from
dry off-gas de-dusting systems at power plants, steelmaking
plants, non-ferrous metallurgical plants and mineral process-
ing plants was characterized by the angle of repose and with
shear tests. For the comparison also previously published
data of another 49 dusts from dry off-gas de-dusting systems
at cement mills, ironmaking plants and biomass combustion
plants were considered.

2 Materials and methods

2.1 Residues

The dust samples investigated were collected from the dry
off-gas cleaning systems of various industrial processes

(power plants using various types of fuels, steelmaking
plants, non-ferrous metallurgical plants and mineral process-
ing plants). The process plants and the types of de-dusting
systems where the dust samples originate from are summa-
rized in Table 1. Approximately 2 dm3 of each dust were
taken at the dust discharge outlets of the respective de-
dusting units. The volume of each sample was reduced to an
amount suitable for the various laboratory tests using sam-
ple dividers which were applied repeatedly (Haver RT 12.5,
Quantachrome Micro Riffler).

For dust samples from iron ore sinter plants, blast furnaces,
cement mills and district heating plants using solid biomass
as fuel data from shear tests, for the angle of repose and
for the particle size distribution are already available in the
literature [16–22].

2.2 Measurements

For the shear tests a Schulze ring shear tester, type RST-XS,
was used. The measurements were performed at the lowest
and highest possible value for the vertical load during sam-
ple consolidation in the pre-shear step, 600 Pa and 20,000 Pa,
respectively. The calibration of the ring shear tester was ver-
ified at a normal stress of 3000 Pa at pre-shear using the
certified reference material BCR-116 from the Community
Bureau of Reference (Limestone Powder). This material was
also used in a round robin test on ring shear testers [23]. The
measured values of the shear stress were in the range of the
reported mean shear stress τm ±0.6 times the reported stan-
dard deviation s.

The angle of repose of the dust samples was measured
according to ISO 4324 [6]. A cone of material was obtained
by passing the dust through a special funnel placed at a certain
height above a flat and level circular plate. The base angle of
the cone was calculated from the diameter of the base plate
and the height of the cone. The average angle of repose and
the standard deviation were calculated from five measure-
ments carried out for each dust. The scale of the instrument
is in millimeters. The closest value was used for the reading.
The accuracy of the reading is thus limited to ±0.5 mm.

The particle size distribution of the dust samples was mea-
sured using a Sympatec HELOS/RODOS laser diffraction
instrument with dry sample dispersion. For the verification
of the calibration of the instrument a SiC-P600’06 standard
from Sympatec was used. The target value for the mass
median diameter d50 of the standard is 25.59 μm, the accept-
able range is 24.82 to 26.36 μm. The measured value for the
d50 was 25.62 μm. The Sauter mean diameter d32 of the dusts
was calculated from the particle size distribution.

The moisture content of the dust samples was measured
gravimetrically. The dust samples were dried at 105◦C until
a constant weight was reached.

123



Dusts from dry off-gas cleaning: comparison of flowability determined by angle of repose and… Page 3 of 7 58

Table 1 Dust samples: sources and measured properties

Dust sample Process where the
dust originates from

Gas cleaning
system

d32 in μm ffc Angle of repose a in ◦
Arithmetic mean ± standard
deviation

Pre-shear load

600 Pa 20,000 Pa

Power plant

A Fuel: coal; 420 MWth ESP 6.68 3.1 5.7 43.7 ± 0.7

B Fuel: bituminous coal;
120 MWth

Dry desulphurization
with Ca(OH)2, fabric
filter

4.50 0.93 1.25 49.9 ± 0.3

C Fuel: rubber tree; 50 MWth ESP 1.42 1.32 1.95 52.2 ± 0.5

D Fuel: wheat straw; 45 MWth Fabric filter 1.08 1.35 1.00 43.4 ± 0.6

E Fuel: forest residue; 10 MWth ESP 1.69 1.20 1.67 55.6 ± 0.3

F1 Fuel: sewage sludge; oil sludge
and acid tar; 22.5 MWth

Cyclone 9.74 5.9 7.0 37.9 ± 0.6

F2 Dry desulphurization with
NaHCO3, fabric filter

2.16 1.73 3.0 53.5 ± 0.6

G1 Fuel: plastic waste and sewage
sludge; 110 MWth

Cyclone 9.76 2.9 9.1 46.7 ± 0.3

G2 Fabric filter 3.35 1.34 3.0 51.9 ± 0.6

Steel mill

H2 Electric arc furnace (primary
and secondary off-gas)

Fabric filter (after baffle
separator)

0.83 1.31 1.59 46.4 ± 0.8

I2 Electric arc furnace (primary
and secondary off-gas)

Fabric filter (after baffle
separator)

0.98 1.64 2.0 48.8 ± 0.6

J1a Electric arc furnace (primary
and secondary off-gas)

Baffle separator (drop out
box)

26.9 12 20 36.6 ± 0.9

J1b Spray cooler 10.7 8.5 11 37.4 ± 0.4

J2 Fabric filter 1.08 1.67 1.44 43.0 ± 0.7

K Vacuum degassing Fabric filter 1.49 2.2 1.80 42.7 ± 0.6

L Vacuum degassing Fabric filter 1.22 2.3 2.4 44.1 ± 0.4

M2 Basic oxygen furnace
(converter)

ESP (after spray cooler) 0.74 1.43 1.88 47.5 ± 0.5

N1 Basic oxygen furnace
(converter)

Spray cooler 9.44 4.6 4.3 38.6 ± 1.2

N2 ESP 0.72 1.99 2.4 50.5 ± 0.5

O Converter shop ventilation Fabric filter 3.23 1.71 1.88 51.6 ± 0.2

P Converter shop ventilation Fabric filter 2.96 1.53 2.2 50.7 ± 0.4

Non-ferrous metallurgical processes

Q1 Copper smelter, shaft furnace Baffle separator 38.1 10 8.5 37.1 ± 1.0

Q2 Fabric filter 1.08 1.70 2.7 40.2 ± 0.7

R Copper smelter, shop
ventilation

Fabric filter 1.22 1.33 1.84 48.2 ± 0.3

S Copper smelter, shop
ventilation

Fabric filter 0.61 2.2 1.87 42.2 ± 0.9

T Aluminium smelter Fabric filter 1.93 1.98 3.3 51.6 ± 0.2

U Barton reactor (lead oxide dust) Fabric filter 2.65 1.10 2.7 54.5 ± 0.7

Minerals industry

V Lime burning shaft furnace Fabric filter 5.88 1.50 3.5 52.6 ± 0.4

a The accuracy of the reading of the height of the cone of ± 0.5 mm corresponds with a accuracy of the angle of repose of ± 0.2◦–0.4◦, depending
on the value of the height (the accuracy of the angle of repose improves with the height)
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3 Results and discussion

3.1 Flowability and Sauter mean diameter

The d32 of the dusts, the angle of repose and the calculated
values of ffc for a pre-shear load of 600 and 20,000 Pa are
summarized in Table 1. Figure 1 shows the angle of repose
in dependence of the d32 for the materials investigated in
this study and for the previously investigated dusts (for sin-
ter plants: [16,17,22]; for blast furnaces: [19]; for cement
mills: [18,21] and for biomass combustion plants: [20]). For
the coarser dusts with a d32 larger than approximately 3 μm
a correlation between the angle of repose and the d32 is evi-
dent. In comparison to correlation functions available in the
literature for various materials in the size range from approx-
imately 6 to 100 μm [4,10] the function found in this study is
less steep. The correlation coefficient r2 of 0.77 is in a similar
range as reported by Wouters and Geldart [10] for catalyst
particles but much lower than found for a flame retardant
filler [4]. However, due to the variety of dusts included, a
less expressed correlation has to be expected. For the fine
dusts with a d32 of less than approximately 3 μm no corre-
lation was found. The data points even suggest that for very
fine dusts the value of the angle of repose tends to be smaller.
Figure 2 shows a picture of a measurement of the angle of
repose with such a fine dust (dust H2). At the lower part of
the cone and in the area around the cone agglomerates of the
dust are visible. These agglomerates form when the added
material slides down the material cone. The agglomerates
rolling down the slope prevented the formation of a steeper
cone.

In Fig. 3, the Sauter mean diameter and the ffc of the dusts
at 600 Pa are shown. A certain correlation between the two
parameters is visible: a better flowability is correlated with

Fig. 1 Angle of repose as a function of the Sauter mean diameter
of the dusts (Blast furnace: [19]; Cement mill: [18,21]; Sinter plant:
[16,17,22]; biomass combustion: [20])

Fig. 2 Angle of repose neasurement of dust H2

Fig. 3 Sauter mean diameter versus ffc of the dusts at 600 Pa (blast
furnace: [19]; cement mill: [18,21]; sinter plant: [16,17,22]; biomass
combustion: [20])

a coarser dust size. However, the correlation is rather weak
(correlation coefficient 0.61).

3.2 Correlation of flowability scales

In both flowability scales a different number of flow cat-
egories are defined. For the ffc five categories are defined
while for the angle of repose there are seven categories.
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However, the names of the categories suggest a certain corre-
spondence: The angle of repose categories “Excellent/very
free flow” and “Good/free flow” were assigned to the ffc-
category “Free flowing”. Similarily, the categories “Fair” and
“Passable” were assigned to the ffc-category “Easy flowing”.
For the remaining three categories in each scale, practically
the same names are used: “Cohesive”, “Very cohesive” and
“Not flowing”. Therefore, these categories can be assumed
to be equivalent to each other. In the Figs. 4 and 5 the ffc ratio
on a logarithmic scale and the angle of repose are shown on
the axes. The limits of the flow categories are shown together
with a virtual correlation line defined by the upper and lower
limits of the corresponding categories. Additionally, two
dashed lines are drawn representing a rough scattering range
by adding half the width of the flowability category of one
of the parameters. On the left side of Fig. 4 the correlation of

the angle of repose and the ffc ratio is depicted for a pre-shear
load of 600 Pa, while on the right side the pre-shear load was
20,000 Pa.

At the low pre-shear load some correlation was found
for both flowability descriptors for free flowing to cohesive
dusts. Nearly all data points are within the indicated scat-
ter range. For cohesive to very cohesive materials most of
the data points are out of this range. At the higher pre-shear
load for the majority of the dusts the value of ffc is higher.
Therefore, many data points of the free flowing to easy flow-
ing dusts are out of the scatter range. At the same time the
very cohesive dusts are still out of the scatter range. It can
be concluded that some correlation between both flowability
descriptors can be found for free flowing to cohesive dusts at
low pre-shear load only.

Fig. 4 Correlation of the angle of repose and the ffc ratio for a pre-shear load of 600 Pa (left) and 20,000 Pa (right); (blast furnace: [19]; cement
mill: [18,21]; sinter plant: [16,17,22]; biomass combustion: [20])

Fig. 5 Correlation of the angle of repose and the ffc ratio for a pre-shear load of 600 Pa: d32 of the dust >5 μm (left) and <5 μm (right); (blast
furnace: [19]; Cement mill: [18,21]; sinter plant: [16,17,22]; biomass combustion: [20])
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In Fig. 5 the results for a pre-shear load of 600 Pa are split
into two groups: the data points of dusts with a d32 > 5 μm
are depicted on the left of Fig. 5, while the data points of
dusts with a d32 < 5 μm are depicted on the right. In the
analysis of the data it was found that a limit of approxi-
mately 5 μm gives the best differentiation between the dusts
whether the data points are within the scatter range or not. It
is well known that other dust properties (e.g. the width of par-
ticle size distribution, the particle shape, the bulk density and
the material hardness) can also affect the dust flow proper-
ties. However, it looks as if for dusts from off-gas de-dusting
systems this differentiation would be possible using the d32

only.
Although there is a certain correlation for the coarser mate-

rials with a d32 > 5 μm between the angle of repose and the
flowability resulting from a shear test, it is impossible to
obtain the required information for the design of a dust hop-
per outlet by measuring the angle of repose. The required data
can only be obtained by shear tests [1,2]. However, the mea-
surement of the angle of repose can provide a first impression
of the flowability of the dust. For dusts with a d32 < 5 μm
even this information cannot be obtained by measuring the
angle of repose.

4 Conclusion

Some correlation between the angle of repose and the d32

of a dust can be expected for dusts with a d32 of > 3μm.
The data resulting from the measurements for this study and
from previously published studies fit quite well to correlation
functions published in the literature. In contrast to this, there
was no correlation found for dusts with a smaller particle
size. For such dusts the angle of repose was even the lower
the d32 was. The formation of small agglomerates was the
visible cause for this effect.

Although the angle of repose of a dust is not adequate
for the design of the outlet of dust hoppers, etc. it is often
measured to provide a rough indication of the flowability of a
dust because of the simplicity of the measuring method. The
analysis of the data confirmed some correlation between the
angle of repose and the ffc determined by shear tests at a low
pre-shear load. However, this correlation was found only for
dusts with a d32 of higher than approximately 5 μm.

The better correlation of the results at low pre-shear load
in the shear tests might result from the circumstance that
during measurement of the angle of repose the stress in the
material is low, too. Therefore, the two empirically derived
flowability category scales—the first based on the ffc value
derived from shear tests and the second based on the mea-
surement of the angle of repose—correlate better under this
condition.

The angle of repose, which is determined in a simple-to-
carry-out procedure, can be used as a rough indicator for the
flowability of dusts with a d32 of higher than approximately
5 μm. For most dusts with a smaller particle size the result-
ing data points were outside the rough scattering range. This
is because for these fine dusts the values of ffc were lower
(flowability category very cohesive) while the values of the
angle of repose were still in the range of the flowability cat-
egory cohesive. Thus, the angle of repose cannot be used as
a flowability indicator for very fine dusts. Additionally, the
angle of repose gives no indication about the flowability at
higher stress values.
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