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Abstract

Realizing the stable high-flux flow of cohesive granular materials is a complicated sub-
ject. We experimentally studied the dynamic characteristics of cohesive granular mate-
rials discharged from hopper under modulated pulsed airflow. Results show that pulsed
airflow with a smaller duty cycle can effectively trigger the stable flow of jammed
cohesive granular materials. Furthermore, under proper working conditions, the hopper
flow will change from the classic arch breaking mode to a free flowing mode like liquid.
The flow rate of the powder in the free flowing mode will decrease as powder bed
height decreases, which overturns the consistent recognition. The oscillating shear pro-
vided by the pulsed airflow eliminates the Janssen effect and achieves a liquid-like
stress transmission, which supports the above findings. Through energy analysis, we

gave the scaling relationship between the pressure gradient and the pulse parameters
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1 | INTRODUCTION
Granular materials are widely found in nature.> Many process materials,
intermediates or products in the chemical industry exist in the form of
powder.2 Due to its strong agglomeration and unpredictable flow prop-
erties, cohesive powder poses a major challenge to its handling and
transportation process.> Granular systems are discrete and dissipative,
therefore exhibit a variety of dynamics.** As the particle size decreases,
particles will exhibit many peculiar and useful properties, and the field
of materials is developing toward the micro-nano scale.® However, for
fine cohesive granular materials, the interparticle force cannot be
ignored compared to its gravity and is dominant in controlling particle
motion, which will show strong agglomeration, poor fluidity, and com-
plex dynamic behaviors.”"? This poses a challenge to the handling and
transportation of granular materials. How to reduce the cohesive force
and make granular materials have excellent fluidity like liquids is an
interesting and valuable subject both in science and engineering.
External shear will change the local packing fraction and micro-
topological structure of particles, thereby affecting granular flow

dynamics.’®"*2 And recent works have focused on exploring the

to cover the experimental data and revealed the internal mechanism.

cohesive powders, granular flow, hopper discharge, pulsed airflow, stress transmission

effect of dynamic load on the mechanical response of granular mate-

rials, relevant to rheology,*3 7 18-21

instability, and friction suppres-
sion.??727 Vibration plays a key role in the friction suppression of the
particle system, and the mechanism is believed to be that the vibra-
tion reduces the effective interface contact of the particles.?? It is
used to provide perturbation and energy to destabilize the arch in silo,
thereby trigger flow.28-%° Simulation studies have shown that it is
possible to control global mobility by applying horizontal or vertical
periodic perturbation inside the disordered particle system.®! Recent
study clearly gave the experimental results of controlling viscosity of
dense granular materials through vertical vibration, and further ana-
lyzed the mechanism of viscosity reduction and recovery based on
collision and dissipation.13 However, the introduction of mechanical
vibration is usually very energy intensive and not effective enough in
large systems. In contrast, pulsed airflow is a simple and effective
method to transmit dynamic perturbances to particles.®>? Acoustic
field is also a way to provide dynamic load and input energy to granu-
lar materials. The formation of acoustic oscillation inside the system

2533

can lower the friction threshold of the granular system, soften the

34,35

stress system, and promote the entire fluidization.?® Aeration is an
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(A) (B) (C) FIGURE 1  Schematic diagram of
airflow waveform. (A) steady airflow,
94 94 fon = loir gl fon < Loir (B) square-wave pulsed airflow,
(C) modulated pulsed airflow
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effective method widely used in promoting the flow of cohesive pow- 100 —
ders.24728 The fluidization of particles by gas is considered to be an effec- dyy = 4.6 um P °
tive means to improve flowability.*” For highly cohesive powders, it is g 80r d;;=2.0 pm /./.
difficult to fluidize due to the prone to channeling. Vibrated fluidization g dsy= 7.4 pm ./'
was introduced as a process intensification method.3?=42 This approach is T:; 60 dy,=17.7 ym .-/
effective in breaking agglomerates and improving the quality of fluidiza- .g a0l ././
tion. Recent theoretical study has pointed out that the existence of oscil- Lg ././
latory instability mechanism inside the granular medium provides a basis g 20l ./0/
for the exponential growth of perturbances and triggering macroscopic © ’.,.r‘.
collapse and failure.r? External field excitation is an effective strategy for 0 na0?®’ .
1 10 100

regulating dynamic characteristics of granular materials. Here, we are
interested in whether it can be applied to overcome the cohesive force
between particles, thereby triggering stable flows.

The method commonly used to promote the flow of granular mate-
rials is to introduce a stable airflow (Figure 1(A)), but this method has
limited effects on those with strong cohesion. Moreover, the pulsed air-
flow provides both oscillating shear and drag force to cohesive granular
materials. In our previous work, we studied the effect of square-wave
pulsed airflow on the avalanche of cohesive granular materials,*® as
shown in Figure 1(B). But for cohesive particles, when the superficial
gas velocity beyond the terminal velocity, the particles will be taken out
of the bed. In this work, a new method using low duty cycle rectangular
pulse flow was proposed, as shown in Figure 1(C). This method can
improve the instantaneous gas velocity by reducing the pulse duty cycle
while the apparent gas velocity remains unchanged, thus providing a
stronger instantaneous pulse aerodynamic force.

In this work, we report that jammed cohesive granular materials
driven by a low duty cycle pulsed airflow can discharge from hopper
with stable high-flux. We observed the transition of granular
hopper flow from arch breaking mode with a low flow rate to free
flowing mode with a high flow rate. Moreover, the mechanism of this
transition is explained through the characteristics of stress transmis-
sion, and the dispersion relationship between the pulsed airflow

parameters and discharge rate is also given.

2 | EXPERIMENTAL METHODS

21 | Materials

The alumina powder with diameter d3; = 4.6 pm and bulk density

pp = 521 kg/m® was used as experimental media. The particle size

Particle size (um)

FIGURE 2 Cumulative particle size distribution of the alumina
powder

distribution was measured using a Malvern Mastersizer 2000 with a wet
dispersion unit (Malvern Instruments). The cumulative particle size distri-
bution was shown in Figure 2. Bulk density was measured by the powder
tester PT-X (Hosokawa Micron Corporation). The shear tests were carried
out using the rotational shear cell accessory of the FT4 powder rheome-
ter (Freeman Technology). The powder sample is first processed into a
loose state. Then slowly precompact with the ventilated piston to slowly
precompact under a certain normal stress (3, 6, 9 kPa). The shear head
applies a specified normal stress to the powder bed and starts to rotate
to induce shear stress. When the powder bed fails, the value of the criti-
cal shear stress is recorded. The detailed experimental procedures can be
found in Reference.44 Further, using Mohr's circle theory, the powder
flow properties including major principal stress (c4), unconfined yield
stress (f), cohesion (C), and angle of internal friction (¢) can be obtained
and the results was shown in Figure 3. The cohesion C represents the
cohesion between particles, the unconfined yield stress f. represents the
consolidation strength of the bed, and the internal friction angle ¢ repre-
sents the friction properties. The powder has a flow function (ff.) in the
range of 2-4, which is a typical cohesive powder according to the Jenike

flow function criteria.*®

2.2 | Aerated discharge system

Figure 4 illustrates the experimental setup. The experimental

system consists of a pulsed airflow path and a lab scale Plexiglass
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hopper. The hopper half angle is @ = 15° and the height of aeration
vents from the outlet is 60 mm. Four aeration vents with internal
diameter of 10 mm were mounted to the produce jets normal to the
conical hopper wall. The internal diameter of cylindric bin is 150 mm
and the internal diameter of outlet is 20 mm. These structural parame-

46 which is more

ters are determined by previous research results,
favorable to promote cohesive powders flow. Dry compressed air was

used as gaseous media. A flowmeter was used to adjust air rate. The

-

(Pa)
=

Q05 _~--~ 9 Experimental data
2 — — — Linear fit

0 5 10 15 20
o, (kPa)

FIGURE 3 Shear test results of the alumina powder, including
flow function (ff.), cohesion (C), internal friction (¢), and unconfined
yield stress (f)
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hopper is fixed on an all-metal frame and grounded to eliminate the
effects of electrostatic charges. The powder was stored in the hopper,
and then rectangular pulsed airflow was aerated in the hopper to trig-
ger flow. An electronic scale (YZ, AWH-10) was used to record the
weighing signal and calculate the discharge rate W of powders.
A high-speed camera (Phorton, Fstcam SA2) was used to record oscil-
lation motion of granular packing and discharge flow characteristics.
A set of pressure sensors (the height from the outlet of 10, 20, 30, 40,
45 cm) were used to record pressure signals during packing and flow.
The pressure sensor used in the experiment is diaphragm type, which
measures a combination of the gas and solid pressure.*”*8

The pulsed airflow was generated by a solenoid valve (Festo,
MHE3-MS1H) driven by rectangular pulse power supply. The fre-
quency f (range 0-50 Hz) and duty cycle D (range 1/8-1) of the rect-
angular wave pulse current can be adjusted to generate a rectangular
pulse air flow with designed parameters. The duty cycle is defined as
the proportion of the valve opening time relative to the total time in
one pulse period, namely D = t,,/T, where t,, is the valve opening
time and T is the time of a single period. When adjusting the duty
cycle of the pulse waveform, the air rate g will be adjusted by the
corresponding multiple to ensure that the average volume is consis-
tent, as shown in Figure 4. For smaller D, the pulsed airflow has higher
instantaneous kinetic energy. The air rate g mentioned in the
following refers to the average value of the gas entering the hopper in
a single period. The influence of pulsed airflow waveform parameters
on the discharge flow characteristics of powders was investigated.
Experiments for each working condition were repeated more than
three runs to ensure reproductivity, and the discharge rate represents

an average value.

2.3 | Fluidization test

Fluidization test was carried out on the FT4 powder rheometer.
A glass cylinder with an inner diameter of 50 mm was used as the
fluidized column. A sintered porous metal plate was inserted at the
bottom of cylinder as a gas distributor. Through the customized test

SPressure
8q |- 178 — sensor
Air i L1 7 ||
ir in % 6q 7/6
= dqg T4 ol
2 q
2q IT 12 |
o I I T il
Valve 0 T 2T omm |
Pulse power ¥ [T Computer
supply
Fl i |_ fvent 20 mm
owmeter High-speed
FIGURE 4  Sketch of experimental setup. /V} /@W camera
[eerrrrrer |

The inserted rectangular block diagram shows
the modulation method of pulsed airflow

Solenoid valve Electronic scale
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FIGURE 5 Fluidization curve of the alumina powder

program, the gas velocity entering the fluidized column can be
adjusted and the bed pressure drop can be recorded. Before the fluidi-
zation test, the superficial gas velocity of 40 mm/s is used to make
the bed bubbling fluidized to eliminate the memory of the bed struc-
ture. The fluidized curve is shown in Figure 5. The minimum fluidiza-
tion gas velocity uns is 4 mm/s. Taking the cross section of the
cylindrical part of the silo as the flow area, the minimum fluidization
air rate is g = 4.24 L/min.

3 | RESULTS AND DISCUSSION

3.1 | Flow pattern transition

The alumina powder with strong cohesive force and high unconfined
yield strength cannot be discharged from the hopper without aeration.
The excitation of pulsed airflow can trigger the jammed granular
materials flow out from the hopper. Two flow patterns were observed
at different aeration rates and pulse waveforms: arch breaking and
free flowing. The select snapshots are shown in Figure 6(A), (B). Arch

49:50 in which arches

breaking is a typical phenomenon in hopper flow,
sporadic apparition above the outlet of the hopper, as shown in
Figure 6(A). It is a persistent sable arch accompanied by the breaking
and falling of materials. The discharge rate fluctuates with the spo-
radic apparition. In this mode, the average discharge rate is controlled
by the frequency and amount of arch collapse, and the discharge rate
is constant and independent with the upper packing depth. When the
duty cycle of the pulsed airflow is reduced, the higher instantaneous
kinetic energy of the pulsed airflow provides a strong impact to the
powder in the silo. The free flowing mode appeared. As can be seen in
Figure 6(B), for free flowing, the material flows out uniformly and con-
tinuously from the hopper without the formation of arches. In this
mode, the average outflow velocity is significantly higher than that of
arch breaking. And the outflow velocity decreases with the decrease
of the upper packing depth. Figure 6(C) shows the comparison of time
series of outflow velocity of pseudo ideal fluid, water, glycerine, and

alumina in two flow patterns. The pseudo ideal fluid here assumes a

medium that has the same bulk density as alumina but satisfies the
assumption that the fluid is continuous and non-viscous. When it
flows, the potential energy is completely converted into kinetic
energy, and there is no energy dissipation. The outflow velocity of alu-
mina in arch breaking mode is low and almost constant, and it flows
like a liquid with very high viscosity. The outflow velocity of alumina
in free flowing mode is higher and decays with time. This flow is truly
like a liquid, and the apparent viscosity currently is close to glycerin of
0.946 Pa:s.

3.2 | Effect of pulsed aeration on stress
transmission and bed structure

The pressure of grain at the bottom of a tall silo is not as high as for
the equivalent column of water due to the friction between the pow-
der and the silo wall.>* In this work, we improved the stress transmis-
sion characteristics through pulsed airflow, speculatively speaking, to
make it more like the pressure characteristics of liquid. Figure 7 shows
the time series of the pressure signal during discharge flow of two
flow patterns. We use wavelet analysis to decompose the original
pressure signal in multiple scales and give the basic pressure signal,
which represents the static pressure of whole granular bed. For the
arch breaking mode (see Figure 7(A)), the pressure measured in
the cavity is close to zero. This is because the gas will flow through
the upper arch gap, and the gas cannot be stored in the bed to form a
pressure difference to increase the discharge rate. The discharge rate
depends only on the behavior of arch collapse. Alumina powder has
strong cohesive force and is difficult to fluidize. The gas injected into
the hopper is difficult to penetrate the bed, and the gas will accumu-
late near the aeration vents, increasing the pressure and resulting in a
peak. When the accumulated pressure exceeds the unconfined
strength of the powder, the arch formed by the material will break
and then be discharge. For free flowing (see Figure 7(B)), the
decomposed signal represents the base pressure during discharging. It
has a quadratic function relationship with time, which proves that its
flow process is consistent with the pressure decay law when the liquid
flows out. The outflowing particle can be pushed by the pressure
transmitted from the upper material, resulting in a higher velocity.3%>2
The flow of alumina in free flowing behaves truly like a viscous liquid.
The particles in the silo are supported to some extent by static
friction with the wall, which cannot happen in a silo filled with water.
But it has been found that the stick-slip behavior caused by oscillating
shear can change the support of the wall to particles,>® to achieve
stress transmission to the bottom. Figure 8 shows the vertical stress
distribution under different aeration conditions. For static packing
without aeration, the measured pressure value is less than the calcu-
lated value from Janssen theory.> This may be related to the small
particle size leading to high porosity and uneven packing structure.
For steady aeration, the gas can partially suspend particles to make
the pressure distribution closer to the static pressure law of the liquid.
Moreover, it is found that pulsed aeration can more effectively realize

stress transmission than steady aeration. The vertical pressure is

85U80|7 SUOWIWOD 3A eI 3|l [dde 8Ly Aq peusenob e ssjolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUe-SW.R/Woo" A3 M Afelq 1 [pul|UO//:SdNY) SUORIPUOD pUe sWie 1 8y} 89S *[£202/20/60] Uo ARiqiTauliuo A(im ‘Aseaiun Bueibyz Aq TT.T 2B/Z00T 0T/I0p/W0D 8| iM Aeiq Ul juoayo//Sdny Woi) papeo|umod ‘T ‘2202 ‘S06GLYST



ZHU ET AL.

FIGURE 6 (A)Snapshot of the
“Arch breaking” flow pattern
(g=20L/min,f=2Hz,D=1/2),in
which arches periodically form and
collapse above the outlet of the
hopper. (B) Snapshot of the “Free
flowing” flow pattern (g = 20 L/min,
f=10Hz, D = 1/6), in which
granular materials flow smoothly out
of the hopper. (C) Comparison of
average apparent outflow velocity of
different fluids
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FIGURE 7 (A) Time series of =2
pressure signal during discharge flow A 1k
of “Arch breaking” (taking g = 20 L/
min, f =2 Hz, D = 1/2 as example).
(B) Time series of pressure signal
during discharge flow of “Free 0

flowing” (taking g = 20 L/min,
f=5Hz,D=1/8 as example)

proportional with the depth of packing, and the slope is approximately
the bulk density times the gravitational acceleration. Another reason
for the reduction of wall friction can be explained by the air pulsation
causing the breakage of the bed channel, which promotes the proper
fluidization of the powder. In fact, in the fluidized powder, the wall
friction is significantly reduced due to the continuous reduction of the
normal stress on the wall by the particles. And in the fluidized state,
the weight of the powder is completely balanced by the vertical gas-
solid resistance.

When the outlet of the hopper is closed and the powder bed
was aerated with pulsed airflow, the surface of the bed will oscillate
up and down. This process was recorded by a high-speed camera,
and the bed height change during the oscillation process can be mea-
sured with a scale ruler. The oscillation amplitude refers to the dis-
tance between the highest point and the lowest point of a
movement. The results are shown in Figure 9(A). In the forced oscil-
lation state, the effective contact support between granular packing
and wall will be destroyed, which explains the elimination of Janssen
effect. When the alumina powder is added to the hopper, it appears
to be completely consolidated and becomes a whole. The introduced
pulsed airflow will break the consolidated structure and turn it into
many aggregates. The aggregate size can be measured from pictures.
Using ImageJ software to calibrate the pixel size of the picture, and
then use the polygon tool to outline the edge of the aggregate to
obtain the projected area S. The aggregate size is defined as the

®) ,
— Original signal Free flowing — Original signal
— Decomposed signal | — Decomposed signal
l ---- Quadratic Fit
2 m P=1.7-0.241+0.0117
£ Pl
% \
~ N ( | 1 il
| ‘\l‘l‘”ﬂiﬂuw
L
o 1 2 3 4 5 6 17
1(s)
3=
—0— g=20L/min, f =0Hz 59 .
—9— ¢=20L/min, f =10Hz, D=1/6, [
- - - Jenssen theory (Static packing)
21

0
0.0 0.1 0.2 0.3 0.4
Depth of packing (m)

FIGURE 8 The vertical stress distributions of granular packing
under different aeration conditions

diameter of a circle equal to the projected area and can be calculated
from d, = \/:‘73. Figure 9(B) shows the aggregate size under different
pulsed aeration conditions. The inserted image in Figure 9(B) is an
example picture for aggregate size measurement. The aggregate size
decreases with increasing pulse frequency and air rate. This shows
that high frequency and air rate pulsed airflow can better destroy the

consolidation of the bed, which means more prone to avalanches.
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3.3 | Effect of pulsed aeration on discharge rate
and aerodynamic mechanism

The discharge rate of alumina powder under different aeration condi-
tions is shown in Figure 10. The powder is consolidated in the hopper
and cannot be discharged without aeration. For steady aeration
(D = 1), the maximum discharge rate is about 75 g/s at ¢ = 15 L/min.
If the average air rate is further increased, the discharge rate will no
longer increase and may cause channels in the bed. According to the
fluidization test, the minimum air rate is g = 4.24 L/min. In the
unloading experiment, even if the average gas velocity of stable venti-
lation is greater than g, the whole silo cannot be fluidized well. Due
to the consolidation of the powder, the gas is unevenly distributed in
the bed. Steady airflow cannot overcome the problem of channels

generated in the bed. For this cohesive powder, the discharge flow is

J(Hz)

determined by the breaking of the material arch at the upper part of
the hopper outlet. When the mass of powders breaking and falling
from the stable arch is small, the discharge flow shows an intermittent
shape, and the discharge rate is low. With the increase of the air rate,
the mass of falling powders from the arch is broken increases, forming
a smooth and full powder stream, the discharge rate increases.

For pulsed aeration, the discharge rate depends on the parame-
ters of the pulsed airflow: frequency f, average air rate q and duty
cycle D. When the duty cycle is lowered, the discharge rate will
increase, and the higher the average air rate, the more significant the
increase. The maximum discharge rate under pulsed aeration is about
250 g/s. It is close to the rate at which the pseudo ideal fluid flows.
For the air rate of ¢ = 5 and 10 L/min, as the duty cycle decreases,
the discharge rate increase step by step. For the air rate of ¢ = 15 and

20 L/min, when D < 1/4, the discharge rate rises sharply. This shows

(A) ,
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S 160 |
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FIGURE 10 Discharge rate
under different aeration conditions
(A) g = 5 L/min, (B) g = 10 L/min,
(C) g = 15 L/min, (D) g = 20 L/min
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that the instantaneous air rate governed by duty cycle and the aver-
age air rate play a joint control effect on the flow process. The instan-
taneous air rate provides the impulsive force that is beneficial to
break the agglomeration. Before the discharge rate reaches saturation,
increasing the frequency is more conducive to strengthening the
discharge rate.

The arch stress structure formed by contact friction and mechanical
support between particles (or agglomerates), which will hinder the dis-
charge flow. When the powder bed is not well fluidized, the discharge
flow is unstable, and arches will form intermittently. When the collapse
time of the stress structure is less than the time scale of the formation
of the new stress structure, the fluidity of the particles is greatly
improved.®* The collapse time of the stress structure refers to how long
the arch will break after formation. The rectangular pulsed airflow with
high frequency and low duty cycle can provide stronger aerodynamics
to excite collisions between particles, thereby weakening particle con-
tact time and interparticle forces. The perturbations provided by pulsed
airflow amplified by the oscillatory instability? will trigger macroscopic
avalanches. Proposed in the relevant literatures,?*>> the softening of
particle shear contact interface stiffness can be observed under high
frequency oscillating shear, which causes the decrease of apparent
static friction coefficient through vibration, thus triggering macro sliding
when it is far below the static yield threshold. Based on the above
expression, a speculative idea can be purposed here that the oscillating
force of the pulsed airflow also plays a similar role. Macroscopically, it
will appear as high-intensity pulsed airflow reducing the cohesion
strength of cohesive granular materials and relaxation time of stress
structures. Therefore, the fluidity of the cohesive granular materials can
be greatly improved, and it can be triggered to achieve a liquid-like flow
transition. It is similar to the related research results of mechanical
vibration excitation of granular materials.?*%”

Furthermore, we analyze the relationship between the discharge
rate and pulse parameters. A well-known model for predicting the dis-
charge rate of silo granular flow is Beverloo law,”® which is suitable
for flat bottomed silo. Based on this, Brown and Richards® proposed a
correlation factor suitable for conical hopper. And Nedderrman®® pro-
posed a pressure gradient correction relationship for fine powder con-
sidering the effect of drag force of the interstitial gas. For aerated
discharge conditions in this work, the discharge rate could obey the

following equation,

1.dp\ 2 /1 - cos®?a
W = Cp,,(do —kd 5/2< +——) <7) 1
pb( 0 P) 8 b dr sin5/2a ( )

where W is the discharge rate; py, is the bulk density; g is the gravity
acceleration; dp is the outlet diameter of the hopper; d,, is the particle
diameter (i.e., d3,); C and k are Beverloo empirical constants, generally
providing values of 0.52 and 1.6, respectively; « is the hopper half
angle; dp/dr is the pressure gradient. We can define the effective driv-

ing force of the discharge flow as.
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In the previous analysis and explanation, we believe that the oscil-
lating force provided by the pulsed airflow breaks the consolidation of
the bed and generates an effective pressure driving force. The effect
of pulsed airflow can be expressed by the actual effective pressure
gradient. And the effective pressure gradient dp/dr can be calculated
from Equation (1). We use the kinetic energy generated by the pulsed
airflow as the characterization of the pulse parameters, as follows. In

a period T, the energy input to the system by a single pulsed airflow is

€; m%m;uiz 3)

where e; represents the kinetic energy of a single airflow, m; and y;
represents the mass and velocity of the single airflow, respectively.

According to the definition of duty cycle, it can be written that

m,'O(% . (4)

u,-o<% . (5)

The total energy input to the system E; per unit time is the energy of a

single pulse air flow multiplied by the number of actions f, namely

Ei=ef (6)

According to Equations (3)-(6), we can get
(7)

The E; is used as a parameter to describe aerodynamic force of pulsed
airflow. We can plot the relationship between the pressure gradient
and the kinetic energy of the pulsed airflow as shown in Figure 11.

It can be seen from Figure 11 that the pressure gradient has both
negative and positive values. E; is the critical energy for judging
whether the effective driving force can reach gravitational
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FIGURE 11 The relationship between pressure gradient and
kinetic energy of pulsed airflow
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acceleration. When the pressure gradient is negative (E; < E4), it indi-
cates that the powder at the outlet is not well fluidized, and the clog-
ging of the agglomerates at the outlet inhibits the flow. The discharge
flow rate at this time is low, and the flow is also unstable. When the
pressure gradient is positive (E; > E;), the aerodynamic force provided
by modulated pulsed airflow can destroy the clogging at outlet and
get stable discharge flow. The effective driving force increases rapidly
with the input energy so that the discharge rate increases

significantly.

4 | CONCLUSION

In summary, we experimentally studied the dynamic characteristics of
cohesive granular materials discharged from hopper under modulated
pulsed airflow. The influence of frequency, duty cycle and air rate of
pulsed airflow were investigated. The results show that pulsed airflow
with low duty cycle and high frequency can effectively trigger jammed
cohesive granular materials stable high-flux flow. The oscillating shear
provided by pulsed airflow can eliminate Janssen effect and realize
stress transmission like liquid. We proposed the mechanism that the
vibration provided by the pulsed airflow reduces the contact time
between particles and weakens the contact between particles,
thereby reducing the friction between particles and exhibiting a higher
flow velocity. The use of a low duty cycle to achieve a high-strength
oscillating airflow field proposed in this paper can effectively trigger
the flow of fine cohesive granular materials and greatly improve its
fluidity. Furthermore, we gave the scaling relationship between the
pressure gradient and the pulse parameters and explained the experi-
mental data through energy analysis. This brings more imagination to
the processing and transportation of ultra-fine powders and may play

a positive role in the development of related industries.
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