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In this paper, the relationship between angle of repose, surface energy and bulk and shear properties of diﬀerent
particle size distribution lignite pulverized coal with diﬀerent moisture content was experimentally investigated.
The dry sample and wet sample were prepared under relative humidity 0% and 90%. The interactions between
coal samples and polar or non-polar gaseous probes were investigated by the surface energy test with an inverse
gas chromatography (IGC) technique. The compressibility test and shear test were taken by the FT4 Powder
Rheometer. The changes in bulk and ﬂow properties of diﬀerent particle size distribution samples were collected
as a function of water content. The results show that water content plays a signiﬁcant role on the packing and
ﬂow behaviors and surface energy of the dry and wet diﬀerent particle size lignite pulverized coal. The IGC tests
results showed that for the relative humidity 90% samples, the water was the interior water, which played a role
of improving the ﬂowability. In the end, a model was proposed to study the relationship between angle of repose
and surface energy and ﬂowability. The model could easily predict the relationship between angle of repose with
wet and dry particles. This research will provide a better understanding on how water content aﬀects surface
characteristic and the ﬂow properties of lignite particles and will beneﬁt to optimize the relevant unit operations.

1. Introduction
Entrained-ﬂow pressurized gasiﬁcation process, including the storage, discharge and pneumatic conveying of pulverized coals, is one of
the best contemporary carbon gasiﬁcation technologies [1,2]. There are
various gasiﬁcation materials, involving in coal, biomass, pet coke and
etc. [3] Because of limitation of the energy structure and the storage of
coal, lignite coal is the most widely used in the entrained-ﬂow pressurized gasiﬁcation process [3–5]. During the entrained-ﬂow pulverized coal gasiﬁcation process, moisture content of the coal is usually
controlled below 2 wt% for the smooth and reliable feeding system,
which needs huge amount of heating resources [6]. If the moisture
content of lignite pulverized coal, rich in water, is reduced to a smaller
level where the ﬂowability will not be inﬂuenced greatly, it will make
signiﬁcant potential economic beneﬁts [7]. Therefore, the study of
water addition on the lignite coal is very important.
The reliable handling of wet particles is a requisite for a successful
industrial application, but it still represents a scientiﬁc and technological challenge. The handling and processing of wet powders require a
good understanding of their bulk mechanical behavior such as
⁎

cohesiveness, ﬂowability and aggregation [8–10]. For the particulate
material, many bulk mechanical properties are related to inter-particle
forces, such as van der Waals, capillary and electrostatics forces. Suitable powder conditioning may minimize the inﬂuence of capillary and
electrostatic forces. However, without altering the powder composition
and particle size distribution, it is not possible to change the eﬀect of
van der Waals forces in dry powders. Van der Waals force depends on
the material surface free energy [11–13].
In this paper, the methodology of shear test, angle of repose test,
compressibility test and surface energy test are taken to analysis the
inﬂuence of moisture content on diﬀerent particle size distribution. The
surface energy of particles is the analogue of surface tension of liquids
and determines several chemical and physical properties of materials.
For example, a high surface energy means a more reactive surface
[14,15]. Surface energy has also important implications in interfacial
interaction processes, such as wetting, coating, mixing, compaction,
cohesion and adhesion [16–18]. The surface energy determines the
interactions between particles themselves as well as with other surfaces
[19]. These properties require a better understanding on particles,
which have not been well understood. Measurements of surface energy
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Nomenclature
acceptor number
angle of repose
Brunauer, Emmett and Teller
cohesive strength
particle size
equivalent mean particle size
mean surface diameter of the particles
donor number
inter-particle force
gravity
free energy
adsorption free energy
speciﬁc free energy
model parameter
coeﬃcient of proportionality
Gutmann acid numbers
Gutmann base numbers
the spread of particle sizes
surface converge
the number of Avogadro

npp
m1
Mt
R
R(d)
T
p
VN
a
γ
γD
γdl
γds
ρp
ρb,0
φ
φi

Cumulative particle size distribution (%)

of particles involve determination of long and short-range intermolecular forces, which are commonly described as London dispersive
and acid/base interactions respectively [20]. Unlike ﬂat surfaces of
materials, such as the biomass particles, whose surface energy can be
easily determined by contact angle measurements, the powder materials are hard to perform such measurements [21]. In this research, we
used a Surface Energy Analyzer (SEA) to determine the surface energy
of the lignite. Many people have studied the inﬂuence of particle size
distribution and moisture content on the particle system from the stand
point of ﬂowability [22–27] and surface energy [28–31]. Sometimes
the addition of moisture content is carried out by the change of relative
humidity. And many researchers also studied the eﬀect of humidity on
powders [32–39]. They have concluded that with the increase of
moisture content, the ﬂowability of the particle system would be poorer
[6]. Among these studies, the study of the addition of moisture content
in the lignite pulverized coal by the humidity, like our system, there are
few studies. Through our study, the addition of this kind of moisture
content will improve the ﬂowability. The ﬂowability of the particle
system is inﬂuenced by the particle contacts. The particle contacts can
be determined by the Rumpf equation or the modiﬁed Rumpf equations
to study the relationship between tensile strength and interparticle
forces [32–34]. This method can provide people a quantitative description of the relative strength among particles.
To better guide the industrial process, this study also investigates the
relationship between particle-scale interactions dominated by the cohesive
van der Waals force and powder ﬂow performance. For the experiment
materials, the surface energy was determined from the particle scale. The
compressibility test and angle of repose test was carried out from the bulk
scale. In the last part of the paper, the relationship between the bulk and
surface properties was established by using a model to predict the angle of
repose. These results will be helpful to gain process control on unit operation such as storage, discharge and pneumatic conveying.

contacts per unit fracture area
the number of micro scopic interparticle contacts per unit
fracture surface area
the number of macroscopic interparticle contacts per unit
fracture surface area
model parameter
moisture content
the gas constant
particle size distribution function
the temperature of measurement (K)
model parameter
the retention volume
the cross sectional area of the probe
surface energy
dispersive surface energy
liquid dispersive surface energy
solid dispersive surface energy
true density
bulk density
the bed compactness
angle of internal friction
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2.1. Materials
The lignite pulverized coal was obtained from Yangzi Petrochemical
Company limited in China and used without any modiﬁcations. The raw
sample was sieved by air classiﬁer (Retsch AS200 Jet Air). The particle
size distribution of the particles was measured with a particle size
analyzer (Malvern Mastersizer 2000MU) (Fig. 1). The particle size
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Fig. 1. The Mastersizer 2000 particle size distribution for the lignite pulverized coal
particle. (a) cumulative particle size distribution; (b) histograms of particle size
distribution.
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column was run at a surface coverage of 0.01 with non-polar probe
molecules (hexane, heptane, octane, and nonane) on the materials to
determine the dispersive surface energy. Parameters describing surface
properties (γds, KA and KD) were determined using physicochemical
parameters of test compounds summarized in Table S2. The retention
time obtained from methane injection was used as the retention time of
the non-adsorbing probe. The data were analyzed with the advanced
Cirrus Plus SEA Data Analysis Software (version 1.2.1.2).

Table 1
Characteristic diameters of the particle size distribution and the ﬁtting value of
parameter n.
Material

dv(μm)

ds(μm)

n

a
b
c
d
e
f
g

234.02
175.24
149.57
123.56
95.40
70.13
42.08

214.32
159.90
137.29
113.04
87.50
64.72
36.55

4.92
4.54
4.91
5.23
4.49
4.87
3.73

2.3. Angle of repose test
Angle of repose (AOR) is one of the key factors in characterizing the
ﬂow behavior of powders, which is the steepest angle of descent of a
granular material or dip relative to the horizontal plane in which a
material could be piled without slumping. A Hosokawa Powder Tester
model PT-X was used to measure the angle of repose (AOR). The procedure follows ASTM D6393-99 standard “Bulk Solids Characterization
by Carr Indices”. The experiment was carried out three times. During
the procedure of AOR measurement, the powder was placed in the
powder holder of the device. The equipment was set to run for 180 s.
After 180 s's running time, the AOR was recorded by the equipment.
The AOR is also aﬀected by the addition of solvents. If a small amount
of water ﬁlls the gaps between particles, the angle of repose increases
due to electrostatic attraction of water on the mineral surfaces.

distribution can be described by the Rosin–Rammler equation:
n

d
R(d ) = 100 − φ = 100 exp ⎡−⎛ ⎞ ⎤
⎢ ⎝ de ⎠ ⎥
⎦
⎣
⎜

⎟

(1)

where R(d) is the particle size distribution function; d is the particle
size; de is the equivalent mean particle size; and n is a parameter which
describes the spread of particle size distribution. If the value of n is
large, the range of particle sizes distribution will be narrow.
Fig. 1 shows the measured particle size distribution characterized as
cumulative particle size and histograms of particle size distribution.
Table 1 presents the characteristic diameters of the measured particle
size distribution and the ﬁtting parameter n from Eq. (1).
True density ρp of the lignite pulverized coal particle was measured
with an Accupyc 1330 pycnometer (Micromeritics Instrument
Corporation, USA) and the Brunauer, Emmett and Teller (BET) speciﬁc
surface area of tested particles was determined from octane sorption
isotherm using IGC-SEA (Inverse Gas Chromatography-Surface
Measurement Systems Ltd, UK).

2.4. Bulk and shear properties test
The compressibility of the materials was characterized by FT4
powder Rheometer (Freeman technology, UK) using compressibility
module. Details of measurement principle and operation of FT4 are
available in the reference [11]. Brieﬂy, in the compressibility module, a
volume of 85 ml powders was loaded in the testing vessel. Before each
test, the sample was ﬁrst prepared by powder conditioning. Splitting
vessel removed any residual materials to build a uniform and loose
conditions for the bed of powders. Then, a vented piston was used to
compress the powders with stepped normal stresses of 1, 2, 4, 6, 8, 10,
12 and 15 kPa. The distance traveled by the piston was measured for
each applied normal stress. The bulk density was calculated from the
volume below the piston. The shear test under 3 kPa, 6 kPa and 9 kPa
are also carried out by FT4. To eliminate the time consolidation eﬀect,
the blade stirred in the vessel for creating loose conditions where the
torque is zero.

Table 2
Physical properties of dry lignite pulverized coal particle.
Material

BET(m2·g−1)

ρp(kg·m−3)

Lignite

4.22

1460

The seven samples were dried ﬁrst to remove total moisture and the
surface energy test and ﬂowability test were carried out for the dry
particle. The test environment was kept at 25 °C and kept the sample
dry during the whole experiment. For preparation of the wet samples,
the dry samples were put in the constant temperature and humidity
incubator (Binder KMF115) at the atmosphere of relative humidity 90%
under 25 °C. The moisture content (Mc) was determined by infrared
moisture meter (Sartorius MA150), seen in Supporting information
(Table S1). Obviously, the moisture content was nearly the same.

3. Results and discussions
3.1. Surface properties
3.1.1. Surface energy determination
Fowkes [40] suggested that the surface energy could be divided into
two parts, such as the dispersive part and the speciﬁc part.

2.2. Surface energy analysis

γ = γ d + γ sp

The chromatographic measurements were performed with an IGC
Surface Measurement System (SMS) Ltd gas chromatograph (London,
United Kingdom) equipped with a thermal conductivity detector (TCD)
and a ﬂame-ionization detector (FID). Chromatographic column was a
hollow glass tube, I.D. 3 mm, length 30 cm. The column temperature
was set as 105 °C, whereas the detector and injector were heated at
180 °C. Helium was used as carrier gas. Flow-rate of 15 ml·min−1 was
selected. Relative humidity of carrier gas was equal to 0 and 90% for
the dry and wet test. The humidity was controlled automatically because the IGC equipment used in this paper could give the possibility
for precise humidity regulation and therefore allows to study properties
at well-deﬁned conditions. Measurements were carried out at inﬁnite
dilution. The solvents were used as test compounds during IGC experiments (seen in Supporting information Table S2). The sample

(2)

Therefore, the free energy change is the combination of polar and
non-polar interactions depending of the nature of the injected probes.

ΔG = ΔG d + ΔG sp

(3)

The free surface energy was determined by some n-alkenes, which
had dispersive forces on the solid phase. So the dispersive free surface is

ΔG = ΔGd = RT ln VN + Constant

(4)

where R is the gas constant, 8.314 (J·mol−1·K−1), T is the test temperature (K), VN is the retention volume (m3), and Constant depends on
the reference state. The free energy changes of adsorption can be expressed as:

ΔG = −2VN a γsd γld
93
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Fig. 2. Determination of dispersive surface energy and speciﬁc surface energy
(lignite, n/nm = 0.3).

Fig. 4. Acid constant proﬁles (as a function of surface coverage n/nm).

where NA is the number of Avogadro, 6.023 × 1023(mol−1); a is the
cross sectional area of the probe (m2); γds is the dispersive surface energy of the solid (mJ/m2); γdl is dispersive surface tension of the probe
molecule in liquid state (mJ/m2).

RT ln VN = 2VN γsd a γld + Constant

adsorbed and unadsorbed moisture lignite particle became larger.
When the lignite particle adsorbed water, the dispersive energy became
higher.

(6)
3.1.2. Acid base surface characteristic
The surface chemistry of the samples can be assessed with the
Gutmann acid (KA) and base (KD) numbers. These numbers were related
to the speciﬁc free energy of adsorption (△GSP) obtained with polar
probe molecules [41–43] by means of the following relationship:

55

ΔG sp = KD⋅AN + KA⋅DN

ΔG sp
DN
= KD + KA⋅
AN
AN

RH=0%
RH=90%

Dispersive surface energy,

45
40
35

0.02

0.04

0.06

0.08

(8)

And therefore KA and KD parameters were determined from the
slope and intercept in a diagram in which the value of ΔGsp/AN are
plotted versus DN/AN for the diﬀerent probe molecules.
The surface character of the examined material is characterized by
the relative importance of KA and KD. KA > KD indicates acidic character of the surface, and KA < KD is typical of basic materials, while KA
value close to KD value are typical for amphoteric materials. Fig. 4 and
Fig. 5 showed the relationship between KA (KD) and surface coverage.
When the lignite particle adsorbed moisture, the acid properties were
enhanced. With the increase of surface coverage, the acid properties
increased while the base properties remained nearly constant. For the
lignite particle adsorbing moisture, the acid and base properties would
not change with the increase of surface coverage, which meant that the
polarity of the surface was turned to be uniform.
The acid and base surface properties of the tested materials are
described by the value of KA/KD. When the value of KA/KD is higher
than 1, the acid property is domain. On the contrary, the value of KA/KD
is lower than 1, the base property is domain. If the value of KA/KD is
equal to 1, the material has amphoteric material. What's more, the sum
of KA + KD describes the total polarity of the particle surface. Fig. 6
displays the particle surface is base. For the dry lignite particle, with the
increase of surface coverage, the base properties of lignite particle are
gradually enhanced. After adsorbing moisture, the base and acid
properties of particle surface have no signiﬁcant change under the low
surface coverage. However, under the high surface coverage, the inﬂuence of acid property remained constant for the particles with
RH = 90% and the inﬂuence of base property on the dry particle

50

30
0.00

(7)

where KA and KD are expressions of acidity and basicity of the surface
layer of the tested material. DN is the donor number of the polar test
compound, AN is the modiﬁed acceptor number. The Eq. (7) was divided by AN:

D

(mJ/m2)

To combine Eq. (4) and Eq. (5), a line equation y = kx + b can be
obtained, where x = a (γdl)0.5; y = RTlnVN, and γds can be determined
from the slope.
Fig. 2 reports a typical determination of dispersive and speciﬁc
surface energy at a certain surface converge (n/nm = 0.3). If polar
probes interact with the solid material, the ΔG has a contribution for the
free speciﬁc interactions ΔGsp.
Under diﬀerent relative humidity circumstance, the existence forms
of moisture will be diﬀerent on the surface of the lignite particle and the
surface energy will be diﬀerent, as well. Fig. 3 displays the relationship
between surface coverage and dispersive surface energy under the relative humidity 0% and 90%.
Fig. 3. shows the relationship between surface coverage n/nm and
dispersive surface energy of lignite (sample f). Under the coverage of n/
nm = 0.01, the addition of water had little inﬂuence on the dispersive
energy. With the increase of coverage, both of the dispersive energy of
wet and dry particles decrease. The surface energy of the sample with
RH = 90% had larger dispersive energy. With the increase of surface
energy coverage, the diﬀerence dispersive surface energy between the

0.10

n / nm
Fig. 3. The relationship between surface coverage n/nm and dispersive surface
energy of lignite (sample f).
94

Fuel Processing Technology 176 (2018) 91–100

Y. Jin et al.

1.5

3.2. Bulk properties

RH=0%
RH=90%

Compressibility of the fuel powders were measured using the FT4
compression cell. The compressibility results were presented in Fig. 8.
The relationship proposed by Tomas [44–46] was used to describe the
compressibility of fuel powders:

1.2

KD

0.9

ρb

0.6

ρb,0

0.02

0.04

0.06

0.08

0.10

n / nm
Fig. 5. Base constant proﬁles (as a function of surface coverage n/nm).

became bigger. Although the acid and base properties have signiﬁcant
change, the total polarity of the lignite particle surface has no obvious
change. With the increase of surface coverage, the sum of (KA + KD)
decreased.
A better representation of the surface energy of materials can be
provided by a surface energetic distribution (heterogeneity), as the
solid surface is often heterogeneous and a single value for surface energy does not represent the whole surface. The SEA technique is able to
provide also the surface energy heterogeneity of complex particulate
solids. At low concentration of probe molecules, only high energy
surface points are probed. As the coverage is increased, lower energy
surfaces are probed. The total surface energy distribution and proﬁles
was shown in Fig. 7. Under low surface coverage, moisture content will
not inﬂuence the surface energy of the lignite particle. However, with
the increase of surface coverage, the surface energy of RH = 90% was
obviously higher than dry particle, which was contributed by the acid
properties. After adsorbing the moisture, the distribution of surface
energy became uniform. Because, the adsorbed moisture covered the
roughness of particle surface, making the rough surface smoother and
the surface properties more uniform. Through the surface energy test,
under low surface coverage, the probe interacted with the high surface
energy part, which contributed to the most surface energy. The surface
energy test showed that the moisture didn't cover the particle. When the
moisture is the form of interior moisture, there is no liquid bridge.

3.3. Shear properties
The tensile strength is an indirect result of the shear tests, which can
be obtained from the powder angle of internal friction and the powder
cohesion. The tested pulverized coal under diﬀerent moisture contents
are assumed as the ideal Coulomb elastic–plastic powders. The powder
yield followed the equation of Mohr-Coulomb. The dry and wet sample
with diﬀerent particle size distributions were tested by the FT4 shear
test module.
Flow parameters are necessary to derive the unconﬁned yield
strength σc, which is simply found from the linear yield locus [47]. The
unconﬁned yield strength has the linear relationship with major principle stress [44]. The linear relationship between uniaxial tensile
strength and major principal stress is like the relationship between
unconﬁned yield strength and major principal stress. Fig. 10 showed
that the linear relationship between tensile stress and major principal
stress, which could be described by [44]:

1.5

RH=0%
RH=90%

0.20

1.2

0.15

0.9

KA+KD

KA / KD

0.25

0.10

RH=0%
RH=90%

0.6
0.3

0.05
0.00
0.00

(9)

where ρb,0 is the powder bulk density under negligible consolidation,
and σ1,z is the applied pull-oﬀ stress when the unconﬁned yield strength
is zero. The parameter N is the compressibility index, in the range of
0–1. In particular, N = 0 indicates incompressibility and stiﬀ bulk
material, while N = 1 represents the compressibility of an ideal gas.
Fig. 8 gives the relationship between bulk density and particle sizes
under diﬀerent relative humidity. Fig. 9 gives the compressibility index.
With the increase of particle size, the bulk density remains constant.
The bulk density of wet samples is higher than the dry ones. But the
compressibility of the diﬀerent moisture content has no signiﬁcant
diﬀerence. In other words, the interior water will not inﬂuence the
packing state of the particle. The increase of packing density with the
water addition means that the adsorbed moisture existed in the pores of
particles, making the gravity of particle higher. So, the packing test and
surface energy test have common in that the adsorbed moisture in the
materials are interior water.

0.3
0.0
0.00

N

σ1 + σ1, z ⎤
=⎡
⎢ σ1, Z ⎥
⎣
⎦

0.02

0.04

0.06

0.08

0.0
0.00

0.10

0.02

0.04

0.06

0.08

n / nm

n/nm
(a)

(b)

Fig. 6. Acid and base constant proﬁles (as a function of surface coverage n/nm): (a) KA/KD; (b) KA + KD.
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Fig. 7. (a) Surface energy proﬁles (as a function of surface coverage n/nm); (b) surface energy distribution.
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Fig. 11. Relationship between angle of internal friction and particle size.

Fig. 9. Compressibility index as a function of particle size.
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Fig. 10. Relationship between tensile stress and major principal stress.
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Fig. 8. Bulk density as function of particles size.

0.005

(f) dv=70.14

strength under unconsolidated stress. Obviously, the ﬂow behavior is
mainly inﬂuenced by the diﬀerence between the friction angles (sinφstsinφi).
Fig. 11 shows the relationship between angle of internal friction and

(10)

where the φst is the static angle of internal friction and σ0 is the tensile
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Fig. 12. Relationship between tensile strength and particle size under diﬀerent preconsolidation: (a) 3 kPa, (b) 6 kPa, (c) 9 kPa.

The inﬂuence of water addition increased the capillary force and van
der Waals force. But they are still smaller than the gravity force [6].
Although the addition of moisture can make the gravity of the particle

particle size under diﬀerent relative humidity. It is obvious that the
adsorbed moisture doesn't inﬂuence the angle of internal friction
greatly. Fig. 12 gives that the trend of the change of tensile strength.
With the increase of particle size, the tensile strength decreases. For the
larger particle, the addition of moisture has little inﬂuence on it. But for
the small particle under the low consolidation stress, the addition of
moisture will decrease the tensile strength. And for small particle, to
some extent, the addition of moisture will improve the ﬂowability.

Angle of repose, AOR (°)

45

3.4. Angle of repose
The angle of repose test shows the ﬂowability of the particle when it
is in a loose state. If the angle of repose is bigger, the ﬂowability of the
particle will become poorer.
Fig. 13 demonstrates the relationship between particle size and
angle of repose under diﬀerent moisture, which has the same trend with
the relationship between tensile strength and particle size. When the
particle size is larger than 150 μm, the value change of angle of repose
is small. When the particle size is smaller than 150 μm, the value of
angle of repose increases with the decrease of particle size. Meanwhile,
the angle of repose of the material adsorbing the moisture is smaller
than the dry one, indicating that the ﬂowability was improved. Because
for the large lignite coal particle (> 150 μm), the gravity force is higher
than inter-particle force, like capillary force and van der Waals force.

RH=0%
RH=90%
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Particle size, dv
Fig. 13. Relationship between diﬀerent particle size and angle of repose under
diﬀerent relative humidity.
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where, the real number of contacts per unit fracture surface area, nc, is
the combination of the number of macroscopic interparticle contacts
per unit fracture surface area, npp and number of micro-contacts ncp and
nc = k2 dsφm/(1-φ) [49]. In this paper, van der Waals force is the main
inter-particle force, Fad, which was positive correlation with particle
size and surface energy of the particles. The inter-particle force Fad may
be expressed as:

3.5. Model analysis

Fad = k3 d s⋅γ

The angles of repose of the lignite particle are almost independent of
the particle size for large particle size (> 150 μm). For smaller particle
size, it steadily increases with the decrease of particle size. We all know
that the diﬀerences between the bulk scale of the powder ﬂow properties and the microscopic particle force, which could be described by
surface energy as well as particle size, surface area, aggregation state
etc. In order to describe the relationship between the ﬂow properties
and particle properties, a model is proposed.
It is a matter of common observation that the top surface of a mass
of granular material can't be horizontal unlike that of a stagnant liquid.
The angle of repose is deﬁned as the angle of inclination of the free
surface to the horizontal of a bulk solid pile when it is in a state of
maximum static. There is an upper limit to the slope of the top surface
and the angle between this maximum slope and the horizontal, which is
known as the angle of repose. If there is a planar slope inclined at the
angle θ to the horizontal. (Seen in Fig. 14) For a cohesive material there
is a relationship between the angle of repose and the heap height [48].
The greatest value of θ for stability is given by θ = φi. So the angle of
repose equals the angle of internal friction φi. The angle of repose is
deﬁned as the angle of inclination of the free surface to the horizontal of
a bulk solid pile when it is in a state of maximum static, which is independent of the extent of the inclined surface. The height is proportional to the tangent of angle of repose, tan θ = k h. The maximum
height of a vertical slope is given by [48]:

h=

4C cos φi
ρ b,0 g (1 − sin φi )

4 3C
ρb,0 g

(14)

where is ds mean surface diameter of the particles, m; γ is surface energy, mJ/m2. φ is the bed compactness, which assumed to be ρb,0/ρp in
this study. The Eq. (14) and Eq. (13) were taken into the Eq. (12) and
according to the assumption, the vertical height was proportional to the
tangent of angle of repose. So the angle of repose could be expressed as:

tan AOR = k 4

φm ‐p
ds
ρb,0 g 1 − φ
γ

⋅

(15)

Finally, the expression of angle of repose will be simpliﬁed as:

tan AOR = K

φm ‐p
ds
1−φ

(16)

where K is related to materials' density and surface energy, K = k4γ/
(ρb,0g) and parameters m and p related to the surface topography of
particles, including surface roughness, particle shape etc., which could
be obtained from the regression with the experiment data. The bed
compactness, φ, has already been obtained according to the compressibility test results section. According to the Eq. (16), the angle of repose was related to the particle surface energy, bulk and ﬂow properties.
Fig. 15 and Fig. 16 show the angle repose comparison of model
value and experiment data. The deviation between model and experiment is within ± 2%. Model parameter is showed in Table 3. Model
parameter K stands for the particle properties term, including surface
energy and bulk density. With the increase of relative humidity, the
surface energy increases and the bulk density increases, as well. But the
gradient is diﬀerent. The increase of bulk density is higher than the one
of surface energy. In other words, with the increase of moisture content,
the bulk density plays a more important role. And the surface energy of
the particle becomes less important, which is the same as before. The
parameter p stands for the inﬂuence of particle size. The values are
positive, but they give to the negative contributions. If the particle size
increases, the angle of repose decreases. This is the same to the experiment value.

(11)

where C is cohesive strength, ρb,0 is the bulk density at negligible
consolidation, g is the gravitational acceleration, with φi values of the
eﬀective angle of internal friction assumed to be around 30°, according
to the experiment results. Thus, Eq. (11) could be changed into:

h=

(13)

C = k1⋅n c⋅Fad

larger, the change is not very obvious. However, for the small particle,
the increase of gravity will improve the ﬂowability. The moisture
content is almost the same (seen in STbale1), the inﬂuence of water
addition on ﬂowability is small and the result of angle of repose is close.
It means that the addition of moisture content will decrease the angle of
repose and improve the powder ﬂowability.

(12)

The cohesive strength C is proportional to the inter-particle force Fad
and the number of inter-particle contacts per unit fracture area nc, one
obtained:

Angle of repose, AOR (°)
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Fig. 15. Comparison of the model calculation and experimental data for the
angle of repose.

Fig. 14. Slip plane for the failure of a slope.
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RH=0%
RH=90%

[2]

[3]

Model (°)

40

+2%

[4]

-2%

[5]

35

[6]
[7]
[8]

30
30

35

40

45

[9]

Experiment (°)
[10]

Fig. 16. Comparison of model and experiment value of angle of repose.

[11]

Table 3
Model parameters (K, m, p) under diﬀerent relative humidity.

RH = 0%
RH = 90%

[12]

K

m

p

[13]

0.6713
0.4243

1.095
0.9667

0.1762
0.1115

[14]

[15]

4. Conclusions

[16]

Through the surface energy test, bulk and shear properties test, the
seven diﬀerent particle size distribution lignite particle samples under
relative humidity of 90% and 0% were analyzed.

[17]

[18]

1. The surface energy test indicates that the moisture in the particle
was interior water, which existed in the pores and not on the surface
of the particle. The particle adsorbing the moisture content would
make the surface of the particle more uniform.
2. The compressibility test shows that the increase of moisture content
will inﬂuence the bulk density. But it has no obvious eﬀect.
3. Through the shear test, the angle of internal friction results show
that the interior water doesn't inﬂuence internal friction of lignite.
To some extent, this kind of moisture will improve the ﬂowability of
lignite.
4. In the end, the model involving in the surface energy and ﬂowability
was proposed to predict the angle of repose of the dry and wet
lignite particles with diﬀerent particle size distribution. The model
analysis showed agreement with the experiment and the modelling
error was between −2% and + 2%.
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