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The dropping of absorption sphere from the storage vessel under accident conditions and
the transportation of spent fuel elements in the reactor will both lead to the pebble flow
discharging process driven by gravity in a hopper silo. Therefore, the research on the
gravity-driven discharging rate of pebbles in a hopper silo has significant engineering
guidance for reactor safety. In general, the idea of falling pebbles weighing to obtain the
discharging rate becomes the most common experimental measurement method.
However, due to the limitation of response frequency and the disturbance of pebbles
falling, the resolution of experimental results is limited, and the uncertainty is introduced
into the data error, which is difficult to eliminate. In this experiment, a volume measurement
based on drainage method is adopted. This is a new experimental method to measure the
discharge process of hopper silo. The magnetostrictive liquid level sensor is applied to
measure the rise of liquid level caused by the volume of falling pebbles. Compared with the
weighingmethod, this method has two advantages. First, the resolution of this method has
a higher controllability. On the one hand, the disturbance caused by the momentum of
falling pebbles will not be introduced into this method, on the other hand, themeasurement
accuracy is determined by the multiple controllable factors. Second, this method can
obtain higher measurement frequency. the sampling frequency of liquid level sensor is 1–2
orders of magnitude higher than that of electronictong balance. Based on this new
experimental method, the reliability of the method is validated by comparing the
experimental results of discharge flow rate with the Beverloo’s and Nedderman’s
empirical formula. Furthermore, the effect of silo outlet size on pebble discharge flow
rate fluctuation have been also analyzed in this study. By use of fast Fourier transform, the
fluctuation of particle discharge flow rate is separated from the discharging sampling
results of liquid level sensor.
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Abbreviations: AO , Orifice area (mm2); C, geometric coefficient; Do , orifice diamete;r (mm); Db , msilo diameter (mm), Dp ,
particle diameter (mm); Dhc, critical silo diameter (dimensionless); E, Young’s modulus; e, restitution coefficient; eh , (di-
mensionless); erp , (dimensionless); ers , (dimensionless); f , friction coefficient (dimensionless); g, gravity acceleration (cm/s2);H,
fill height (mm); HFS , effective range of level sensor (mm); k, diameter coefficient (dimensionless); Q, mass flow rate (g/s); Qb ,
equivalent bubble generation rate (g/s); Qd , discharge flow rate (g/s); Qp , particle discharge rate (g/s); S, cross-sectional area
(mm2); R, dimensionless orifice (dimensionless); Rc, jamming critical radius (dimensionless); Z, interception factor (di-
mensionless); α, half cone angle (°); ρ, density (g/cm3); ρb , bulk density (dimensionless); ρp , particle density(g/cm

3); φ, bubble
volume ratio (dimensionless); φs , sphericity (dimensionless).
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INTRODUCTION

With the characteristic of inherent safety, High Temperature
Gas-cooled Reactor is regarded as one of the most feasible choice
of solving the global electricity generation and industrial process
heat applications problems. In 2003, Institute of Nuclear and New
Energy Technology (INET) at Tsinghua University developed the
world’s first modular high temperature gas-cooled reactor HTR-
10, which has been approved to be one of the National Special
Grand Science-technology Projects of China (Wang, 2002). Since
the pebble flow has a major impact on reactor physics, the
mechanistic of flow motion problems is of great research
significance (Medina et al., 2000; Rycroft et al., 2006; Li et al.,
2009; Jia et al., 2017). Key laboratory of Advanced Reactor
Engineering and Safety of Ministry of Education from INET
has spent decades on the experimental study and numerical
simulation of the pebble flow to guide the safety design of the
reactor (Hu, 2009; Shengyao et al., 2019). The dropping of
absorption sphere from the storage vessel under accident
conditions and the transportation of spent fuel elements in the
reactor will both lead to the pebble flow discharging process
driven by gravity in a hopper silo. Yang et al. (2012) conducted
the experimental investigations on the pebble flow of a two-
region pebble bed reactor to investigate the physical mechanism
of gravity-driven pebble flow by means of a set of
phenomenological approaches. Li et al. (2020) observed the
process of granular discharging from the storage silo into the
feeder by applying high-speed camera experimental method.
Meanwhile, Computational Fluid Dynamics (CFD)-Discrete
Element Method (DEM) coupling simulation is also conducted
to investigate the coarse particle conveying in the small absorber
sphere system.

Due to the direct industrial application, the hopper silo
discharging process has not only attracted attention in the
field of nuclear engineering, but also aroused great interest in
the chemical industry and other fields. Considering the
invisibility inside the three-dimensional pebble bed,
experimental research pays more attention to the following
parameters in the discharging process: flow rate, stacking
angle, porosity distribution, velocity distribution, etc.
Correspondingly, numerous measurement methods are widely
applied in experiments, such as: weighing method,
phenomenological method, emission computed tomography
(ECT), particle image velocimetry (PIV), refractive index
method and Magnetic Resonance Imaging (MRI) method.
From an application point of view, the main purpose of the
above parameters is to obtain the discharge flow rate mechanism.
The difficulty in achieving this goal is that pebble flow is different
from liquid flow, which has a complex and random flow pattern
inside of the hopper silo. In previous studies, researchers have
conducted various studies on the geometric structure and
physical parameters of silos and particles. For the physical
parameters, the focus of the research is on the restitution
coefficient e , density ρ , friction coefficient f and Young’s
modulus E of particle materials. In the study of geometric
structure, the size Dp and sphericity φs are the main
concerned parameters of particle. For the hopper silo, the silo

diameter Db , half cone angle α, orifice diameter D , and fill height
H are the objects of concern. By measuring the velocity profiles in
the flow of coarse granular materials from parallel sided bins,
Nedderman and Laohakul, (1980) obtained a boundary layer of
5 Dp thickness near the wall surface. Through calibration
experiments, Huntington and Rooney, (1971) found that when
the diameter of the silo is large enough, the boundary effect
caused by the wall can be ignored for the mainstream area. Based
on the results of this research, Hirshfeld and Rapaport, (2001)
proposed a critical silo diameter Dhc � 30Dp that can ignore the
boundary effect. As for the influence of fill height on discharge
rate, Newton et al. (1945) reported that the discharge rate is
proportional toH0.04. Myers and Sellers, (1971) suggested that the
discharge rate is constant provided that fill height at the centerline
is greater than the orifice diameter D.

Since 1911, Ketchum, (1919) found that the discharge flow
rate is proportional to the 3rd power of the orifice diameter D
based on the wheat discharge in the flat-bottom silo, but this
power was revised to 2.5 in subsequent studies by Brown, (1961).
So far, many empirical formulas for the discharge flow rate of the
silo have been summarized. Among them, the most widely
applicable is the empirical formula Q

· � Cρb
�
g

√ (D − kDp)2.5
proposed by (Beverloo et al., 1961). The difference between
this empirical formula and previous studies is that Beverloo
chooses (D − kDp) instead of D as the base, which proves that
it can achieve better fitting results. Since then, Williams, (1963)
and Nedderman et al. (1982) have made a more detailed
mathematical description of the geometric parameters in the
coefficient C on the basis of Beverloo’s formula.

After empirically fitting the mean discharge rate, researchers
began to pay more attention to the fluctuation problem in the
discharge process. For this part of the experimental research, the
study can be divided into the quasi-two-dimensional silo and the
three-dimensional silo from the geometric structure.
Correspondingly, high-speed camera methods and weighing
methods based on electronic balances are the main
measurement methods. Janda et al. (2008) present an
experimental study of the jamming during the discharge of
spherical particles from a two-dimensional silo based on PIV
technique. The jamming probability JN (D) for different
discharge particle number N as a function of the orifice
diameter has been calculated. By use of high speed camera in
a quasi-2D large silo, Zuriguel et al (2019) observed that the
decreasing of orifice size causes an increase in the relative
amplitude of the velocity fluctuations. Pascot et al. (2020)
present a study of the influence of mechanical fluctuations on
a quasi-two dimensional silo discharges of granular matter. The
influence of orifice shape on the flow rate in ordinary 3D flat-
bottom hoppers is investigated based on an electronic balance
with a resolution of 1.0 g by Wan et al. (2018). González-
Montellano et al. (2011). found an upper bound of 1.2 W and
a lower bound of 0.75W for hopper silo discharge fluctuations
with a mean value W according to DEM simulation. Uñac et al.
(2012) verified González’s conclusion from an experimental point
of view through the weighing method based on electronic
balances. Discharge flow rate fluctuations presented a
characteristic frequency of oscillation related to accumulation
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and discharge cycles in this study. Same fluctuation phenomena
have also been observed in discharge of seeds in a silo with a mass
flow regime (Calderón et al., 2017). In the numerical simulation
research based on DEMmethod of Zeng et al. (2017), the velocity
and total force fluctuations were quantitatively analyzed during
the initial duration of the discharge and the relationship between
velocity fluctuation and contact force disappearance was
investigated.

Due to the limitation of response frequency and the
disturbance of pebbles falling, the resolution of experimental
results based on electronic balances is limited. In this
experiment, a volume measurement based on drainage method
is adopted. This is a new experimental method to measure the
discharge process of hopper silo. By using a magnetostrictive
liquid level sensor with high sampling frequency and low
response time, more highly reducible flow rate fluctuation
information is obtained. At the same time, this experimental
method also provides the possibility of measuring high frequency
oscillations (greater than 2 Hz) that may occur in silo discharge
process.

EXPERIMENTAL SETUP

Experimental Measurement System
The flow of spherical particles was studied in a cylindrical silo
made of plexiglass, of diameter 180 mm and height 400 mm.
Considering the process of wetting and drying, the spherical
particles were made of soda lime glass with a density of 2,518 kg/

m3. The diameter of the particles is 6 and 5.5 mm, and the
accuracy of ± 0.02 mm ensures the sphericity of more than
0.99. After testing, the bulk density of particles in the silo is
about 0.61. The repose angle of spherical particles is about 23°

when they are naturally accumulated in the silo. This proves that
the particles are very smooth and have good fluidity.

As shown in Figure 1, the replaceable conical hopper is
connected with the cylindrical silo by flange. As shown in
Table 1, six hopper sizes are used to measure the particle
discharge rate in this experiment. The hopper is made of a
whole piece of plexiglass after milling, with the orifice
diameter accuracy of ±0.05 mm. At the bottom of the hopper
orifice, an electric gate is used to control the start and stop of
discharge. After passing through the gate, the particles will
directly fall into the cylindrical bucket below the hopper. The
bucket is connected to a cylindrical container equipped with a
level sensor through a narrow channel. The magnetostrictive
liquid level sensor is vertically fixed in the container, and the
shock-proofed rubber pad is used at the joint to reduce the
fluctuation impact from the platform. A cage made of 4 mm
hole wire mesh is placed in the bucket. On the one hand, the cage
can prevent the particles falling into the water frommoving to the
narrow channel. On the other hand, the cage is conducive to the
rapid separation of the particles and the liquid so as to shorten the
time of repetitive experiments. After each measurement, the wet
particles are placed in a drying box for low-temperature drying.
The temperature of the drying box is set below 100°C to avoid
excessive deformation of the particles.

Different from the traditional contact weight measurement
method, the drainage method measures the volume of particles
falling into the water. Therefore, the influence of the momentum
carried by the particles on the drainage method is much less than
that of the weight method.

Δm � ρp ΔV � ρp SΔH � ρpSHFS (ers + erp + eh). (1)

In fact, the measurement error of the drainage method is not
only determined by the level gauge. As shown in function 1,
measurement error m is determined by the particle density ρp, the

FIGURE 1 | Experimental setup 1-cylindrical silo; 2-conical hopper; 3-electric gate; 4-bucket; 5-container; 6-level sensor.

TABLE 1 | Parameters used in experiment.

Parameters Value

Diameter of pebble Dp (mm) 5.5/6.0
Diameter of silo (mm) 180
Initial load (g) 7,750
Base cone angle (°) 60
Diameter of hopper outlet Do (mm) 27/30/36/42/50/60
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total cross-sectional area of the container S, the effective range
HFS and the system error of the level meter (include resolution ers,
repeatability erp, and hysteresis eh). Among them, the particle
density ρp is a certain value. Although the range HFS is related to
the total volume of the particles, it is necessary to consider the
problems of redundancy and the existing model of the instrument
during the experiment, so HFS is also a certain value after the
selection. In summary, the measurement error is ultimately
determined by the total cross-sectional area of the vessel S and
the system error of the level meter. Compared with the weight
measurement method, the accuracy of the drainage method is
adjustable and therefore suitable for a wider range of applications.

During the discharging process, the flow rate of the
particles is not a stable value but a fluctuating value.
Therefore, a higher sampling frequency will obtain more
accurate discharge fluctuation information. In previous
experimental studies, researchers used high-precision

electronic balances to find that the flow rate of particles
has fluctuations within 2 Hz. Therefore, most of the
research using the weight measurement method is limited
by the response time of high-precision electronic balances.
Their highest sampling frequency is only about 5–10 Hz. A
numerical simulation study based on the DEM method
recently found that in the cylindrical area of a silo, the
average velocity of particles will fluctuate regularly and
irregularly at 10–20 Hz (Zeng et al., 2017). According to
the Nyquist sampling theorem, only when the sampling
frequency is greater than 2 times the highest frequency in
the signal (fs.max>2fmax), the digital signal after sampling
can completely retain the information in the original signal.
However, the electronic balance is limited by the response
time of the sensor and cannot further increase the effective
sampling frequency. Therefore, in contrast, the drainage
method has the advantage of further studying the
possibility of high frequency fluctuations in the process of
particle discharge. The sampling frequency of the level meter
used in this study is 100 Hz, and the output is a 4–20 mA
current signal. After the conversion of the MCC 1608FS
digital acquisition card with a sampling frequency of
2,000 Hz, the measurement signal is converted to a digital
signal of 1–5 V.

Experimental Condition and Uncertainty
Analysis
In order to ensure the repeatability of the experiment, the design
parameters of the device need to be explained.

First, for different types of particles, the initial conditions
of the same load were selected for this study, that is, 7,750 g
particles are loaded (about 27,000 6 mm particles, 35,000
5.5 mm particles). In order to prevent the mutual
contamination of different types of particles during the
experiment, the 6 mm diameter particles were dyed green
to distinguish them from the white 5.5 mm particles. After
free accumulation and top leveling, it can be found that the
packing rate of each type of particles is about 0.61.
Meanwhile, previous studies have proved that initial
random packing has no significant effect on the discharge
flow rate (Huntington and Rooney, 1971). The initial filling
height exceeds the conical area by more than 10Dp, ensuring
that the discharge rate is not affected by the filling height
(Myers and Sellers, 1971). In addition, for each set of
particles, the diameter of the silo satisfies Db ≥ 30Dp, which
avoids the occurrence of boundary effects in repeated
experiments (Nedderman and Laohakul, 1980). Therefore,
it can be considered that the experiment obtained the same
initial conditions.

The uncertainty can be analyzed from themeasurement resolution
and repeatability. The number of particles converted from the
measurement error is applied to describe the absolute resolution
Rab. The MTL4 magnetostrictive floating ball type liquid level meter
produced by Miran Technology is used in the liquid level
measurement of this experiment. The effective stroke of the level
gauge is 200mm, with a resolution ers of 0.001% FS, a repeatability

FIGURE 2 | Error analysis of mass flow rate in repeated
experiment (Do � 30mm, Dp � 6mm).

FIGURE 3 | Discharge mass percentage curves of two sets of particles
at different orifice sizes.
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error of erp 0.005% FS, and a hysteresis of eh 0.001% FS. According to
function 1, the measurement error Δm � 4.5 g. Rab � Δm

mp
� 4.5g

0.28g ≈ 16.
Relative resolution Rre � Rab

packing particle number × 100% ≈ 0.05%.
Figure 2 shows the relative error of the average flow rate of

repeated experiments. The discharge curve under each working
condition can be divided into initial fluctuation section and linear
section. This will be well explained in the following Figure 3.
Since the average mass flow rate of each working condition is
fitted by the linear section data, it is only necessary to observe the
relative error distribution of the linear section. As shown in
Figure 2, a relative error within 3.5% was obtained under this
working condition, and in all repeated measurements, the
maximum error under the same working condition was less
than 5%. This result fully verified the repeatability of this
experiment is 5%.

RESULTS AND DISCUSSION

Discharge Rate Analysis
The idea of this part is as follows: firstly, the discharge curves
under different working conditions are obtained. Secondly, the
mean discharge flow rate is calculated according to the slope of
the discharge curve. Finally, the reliability of the method is
validated by comparing the experimental results with the
empirical formula.

Discharge Curves
The discharging curves of the two kind of particles at different
orifice sizes are shown in Figure 3. Considering that the same
load is used in the repeated experiments, the mass discharge
percentage is selected as the dependent variable. It can be seen
from the Figure 3 that there is an initial section with obvious
fluctuations and a relatively linear section under each working
condition. The fluctuation of the initial section is caused by the
fluctuation of the discharge rate and the accumulation of bubbles
in the water at the initial moment. This phenomenon will be
explained in the subsequent flow rate fluctuation analysis. In the
linear section, it exhibits a typical conical hopper discharge
behavior. Compared with the transition zone of the flat-
bottomed hopper where the slope of the discharge curve is
gradually reduced at the end of the discharge process, the
discharge curve of the conical hopper maintains a stable slope
at the end of the discharge. The tiny drop at the end is due to the
volume reduction caused by the disappearance of stable bubbles
in the linear section after all the particles are discharged. For all
operating conditions, the average mass flow rate is determined as
the slope of the discharge curve in the linear section. It can be seen
from the end drop that the bubble content of the linear segment
has a very small effect on the entire discharge (less than 1%), so its
effect on the calculation of the average mass flow rate can be
ignored.

Some scholars To, (2005) once found out that when the
dimensionless orifice R � Do

Dp
is less than 5, there is a

probability of jamming. However, after a large number of
experimental studies, it is found that the outlet size which
may cause jamming is not strictly 5 times of the particle’s

diameter. It should be pointed out that in previous studies of
Iker Zuriguel et al. Zuriguel et al. (2005), for the silo discharge
process of the spherical particle, the existence of a jamming
critical radius Rc has been proved. The calculation method is
as follows.

Rc � 4.94 ± 0.03, p � 1 (2)

In other words, when the dimensionless orifice R is less than Rc

, there is a probability of jamming. Taking into account that the
randomness of jamming has a difficult to quantify the impact on
repeated experiments, the R of all working conditions in this
experiment is larger than Rc, which is the reason that there is only
5.5 mm particle size data under Do � 27mm condition.

Mean Discharge Flow Rate
The mean mass flow rate Q vs orifice size Do of the two sets of
particles is shown in Figure 4. In order to ensure the accuracy of
the experimental data, more than 5 repeated experiments were
carried out for each working condition. Considering that the
measurement points under the same orifice size are relatively
dense, only the average value of repetitive experimental data is
shown in Figure 4 without the error bar. It can be seen from the
figure that under the same orifice, the Q of 5.5 mm particles is
larger than that of 6 mm particles. In Beverloo’s extensive
research, it is found that under the same sphericity, the
smaller particles have a lower interception factor Z � kd,
which explains the phenomenon in the figure.

Comparison with Empirical Formula
The empirical formulas of Beverloo and Nedderman were used to
check the consistency of the measurement results.

Beverloo’s Law  Q � CBρb
�
g

√ (Do − kDp)
5
2 (3)

Nedderman’s LawQ � CNρb
�
g

√
AOD

1
2
o (4)

FIGURE 4 | Mean mass flow rate of two sets of particles at different
orifices sizes.
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In Beverloo’s law, mass flow rate Q is proportional to
(Do − kDp)52, and mass flow rate Q is positively correlated with
AOD

1
2
o in Nedderman’s empirical formulas. The empirical

formulas proposed by Beverloo and Nedderman refer to
different theoretical models, however, in both methods,
considering mass flow rate is related to D

5
2
o, a scatter plot of Q

5
2

vs Do is shown in Figure 5.
According to the intercept of the regression line fitted by the

scattered points in the figure on the x-axis, the coefficient k in
Beverloo’s law can be calculated.

For CB and CN in the Beverloo’s and Nedderman’s empirical
formula respectively, they can be obtained by calculating the slope
of the fitted straight lines. What needs to be pointed out here is
that both CB and CN are dimensionless coefficients. Beverloo and
many subsequent workers found out that coefficient k was a
function solely of the particle shape and no dependence on other
properties could be found. The value of k can be obtained by the
intercept of the fitted curve.

For the two sets of particles, the coefficients C, k, and the value
of R2 which shows the goodness of the fit and residual sum of
square σ2 corresponding to the two empirical formulas are shown
in Table 2.

The empirical formulas derived by Beverloo and Nedderman
have different theoretical basis. Beverloo devoted considerable
attention to the concept of the “empty annulus.” No particle
center can approach within a distance 1

2Dp of the orifice edge and

therefore all particle centers must pass through a circle of
diameter (Do − Dp). The follow-up study found that there was
a decrease in the number of particles flowing per unit time in the
zone adjacent to the orifice edge, so the mass flow rate was
proportional to (Do − kDp) and k> 1. In Nedderman’s theory, it
paidmore attention to the orifice shape for the flow rate, whereAo

is the area of the orifice and Do is the hydraulic diameter.
According to the fitting results, both theories work well,
especially the Beverloo’s empirical formula, when the size of
orifice is smaller than 7Dp or larger than 10Dp, the deviation
between the experimental results and the empirical formula is
smaller than that of Nedderman. In addition, the coefficients of
Beverloo’s and Nedderman’s empirical formulas which were
obtained by mass flow rate are in the same range as those
obtained by other experimental researches Saleh et al. (2018)
and this shows that the drainage method is accurate in measuring
mass flow rate.

Fluctuation Analysis of Discharge Mass
Flow Rate
The idea of this part is as follows: firstly, the composition of total
discharge flow rate fluctuation is analyzed; secondly, the
fluctuation of particle discharge flow rate is separated from it;
finally, the trend of particle discharge flow rate fluctuation vs.
orifice size is analyzed.

Composition of Fluctuation
The purpose of this part is to analyze the fluctuation of the
particle discharge flow rate. However, the total discharge flow rate
Qd converted from the liquid level sensor signal may contain
many components. Therefore, it is necessary to analyze the
factors that cause the fluctuation of the total discharge flow
rate so as to separate the fluctuation of the particle flow rate
Qp. In the discharge curve obtained in this experiment, there are
fluctuation regions with periodic ‘fallback’ in the initial section
under each working condition. As shown in Figure 6, a period of
fluctuation interval is selected for display. First, we divide this

FIGURE 5 | Two sets of fitted lines of two sets of particles at different
orifices.

TABLE 2 | Coefficients C, k, R2 and σ2 corresponding to the two empirical
formulas.

Pebble diameter
Dp (mm)

Beverloo Nedderman

CB K R2 σ2 CN R2 σ2

5.5 0.823 2.00 0.997 0.378 0.512 0.991 10.437
6 0.716 1.61 0.998 0.226 0.506 0.996 4.656

FIGURE 6 | Fluctuation regions with periodic “fallback” in the initial
discharge curve.
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section into an initial growth part and a fallback part. In previous
studies, although the flow rate fluctuates, the flow rate is always
greater than 0. If only the fluctuation of mass flow rate exists,
there shouldn’t be fallback phenomenon occur in the discharge
curve, that is, the mass of particles falling into the water cannot be
reduced.

Therefore, further analysis of the fluctuation possibility is
necessary. Three factors that may affect the fluctuation of the
liquid level sensor are listed as follows: liquid surface fluctuation
caused by particle falling impact, liquid level fluctuation caused
by the content of air bubbles in the liquid, and particle mass flow
rate fluctuations.

First of all, regarding the possibility of liquid level fluctuations,
the x-motion high-speed camera manufactured by AOS
Technology is used to observe the liquid level information
during the entire unloading process. Taking into account that
the sampling frequency of the level gauge is 100 HZ, according to
the sampling principle, a shooting speed of 250 frame per second
(FPS) is used. Since the entire container is made of plexiglass, the
dividing line of the liquid level where the float of the level meter is
located can be clearly photographed after the LED backlight is
arranged as shown in Figure 7A. Due to the difference of
refractive index between water and air, the original image can
be binarized to obtain a grayscale image, and then threshold
segmentation is performed according to the grayscale value to
finally obtain the coordinate information of the liquid level.
Under all working conditions, the correlation coefficient
between the liquid level coordinate and its linear fitting
straight line achieved an excellent performance of over 0.99.
This indicates that the obvious fluctuation does not exist on
the measured liquid level, and it also shows that the porous
partition between the bucket and the level gauge container has an
effective damping effect. Next, as shown in Figure 7B, the
probability distribution of the angle between the liquid level
fitting straight line and the horizontal is also counted. Even
when the angle of the liquid level is at the upper and lower
limit (1.5°) with a very small probability, the liquid level drop
caused by the incline of the liquid level will not exceed 0.5%.
Therefore, the possibility of liquid level fluctuations can be ruled

out. Meanwhile, the “fallback” phenomenon can also be
determined to be caused by the fluctuation of mass flow rate
and the change of bubble content.

Separation of Particle Discharge Flow Rate
Fluctuation
By calculating the slope between two adjacent sampling points in the
discharge curve, the transient discharge flow rate at that moment can
be obtained. Taking a set of experimental data with Do �
30mm, Dp � 6mm as an example, the fluctuation of the discharge
flow ratewith time under this working condition is shown inFigure 7.
The discharge flow rate is directly converted according to the liquid
level data, that is to say, it is composed of the particle mass flow rate
and the bubble volume change rate. Regarding the particle mass flow
rate, there is no doubt that it occupies the main part of the discharge
flow rate and has the characteristics of positive value and continuous
fluctuation. As for the bubble volume change rate, it can be predicted
that it is composed of bubble generation rate and bubble detachment
rate. According to the images taken by the high-speed camera, we
observe that the number of generated bubbles is determined by the
number of particles entering the water at that time, and the bubbles
entering thewater at the same timewill basically surface and disappear
after the same time intervalΔt. Therefore, a bubble change ratemodel
is proposed. The bubble generation rate is proportional to the
instantaneous mass flow rate of particles at that moment, and the
bubble detachment rate is proportional to the instantaneousmass flow
rate of particles Δt ago. In the initial section, the bubble content in the
water has accumulated throughΔt. After this period, it enters a section
where both bubbles are generated and detached. This ideal model can
be described as the following equation:

Qb(t) � φ(Qp(t) − Qp(t − Δt))
Qd(t) � Qb(t) + Qp(t) � (1 + φ)Qp(t) − φQp(t − Δt) (5)

where φ represents the average volume ratio of bubble generated
by the particle dropping into the water and the particle itself.

It can be seen from the Figure 8 that the discharge flow rateQd

is sometimes less than zero. The ideal bubble change rate model
expressed in Eq. 5 gives a proper explanation to it. Due to the

FIGURE 7 | Influence analysis of liquid level fluctuations.
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fluctuation and large amplitude of particle mass flow rate,, there
will be Qp(t − Δt)≫Qp(t) happened in some phase difference,
which makes Qd turns to a negative value. It can be seen that in
the initial section of discharging, this situation has the
characteristics of long duration and large amplitude (negative).
Therefore, the triangular area surrounded by the fluctuation
curve and X � 0 on the negative Y-axis explains the “fallback”
phenomenon in Figure 6.

In order to analysis the frequency of particle mass flow rate, it
is necessary to separate the particle mass flow rate and bubble
volume change rate. A Fourier transform is applied to convert the
time domain signal in Figure 6A into a frequency domain signal.
Since the discharge flow rate itself is calculated by discrete
sampling signals, an efficient method FFT (fast Fourier
transform) in Discrete Fourier Transform is used to obtain the
frequency map in Figure 9. Considering that in previous studies,
the fluctuation frequency of the mass flow rate is generally within
2 Hz, so a sampling frequency of 10 Hz is used in the FFT
algorithm to verify this conclusion. According to Nyquist
theorem, the maximum frequency span after FFT can only be
1/2 of the original signal sampling rate so that the upper limit of
frequency in Figure 7 turns to 5 Hz. It can be seen from the figure
that when the frequency is greater than 2 Hz, the amplitude of the
curve is close to zero. This shows that a sampling frequency of
10 Hz is feasible. At the same time, after comparing the data of
different working conditions, it is found that the highest peak in
the amplitude-frequency diagram corresponds to the fluctuation
frequency of the particle mass flow rate, as shown in the red box.
The blue box corresponds to the frequency width of liquid level
fluctuations.

Fluctuation of Particle Discharge Flow Rate vs. Orifice
Size
As shown in Figure 10A, the fluctuation frequency of the particle
mass flow rate showed a linear trend when the orifice diameter is
less than 50 mm. After that, the frequency of fluctuations tends to

be flat. The bandwidth of liquid level fluctuations at different
relative orifice diameter R � Do

Dp
is shown in Figure 10B. It should

be pointed out that the bandwidth shown here is calculated based
on the overlapping segments of all repeated experiments under
the same operating conditions. According to the explanation
given by Unac et al., flow fluctuations may be interpreted as due
to particle arching near the outlet of the hopper. These arches
may cause transient jams that decrease the outflow. The breaking
of the arches increases the flow so that the dynamical process of
arch formation and destruction causes the fluctuations. In the
research on jamming, the dimensionless orifice diameter R is the
decisive factor affecting the formation of arch bridges. Therefore,
the relationship between the fluctuation frequency and R is
depicted in Figure 10B.

Under the same relative orifice size R, it can be observed that
the fluctuation frequency of different sets of particles is not the
same, and the fluctuation frequency of large particles are always
higher than that of small particles. This result is consistent with
the simulation result of Cesar et al. (Calderón et al., 2017).
Therefore, the experimental results of this research can show
that the particle discharge flow rate fluctuation is not only
determined by the formation and collapse of the transient
arch bridge when the critical jamming orifice size is
approached. The mechanism of particle discharge flow rate
fluctuations in the case of small orifice remains to be studied
further.

CONCLUSION

In this research, a volume measurement based on drainage
method is applied to observe the discharge process of two sets
of particles in a hopper silo with different orifice diameter. The
discharge flow rate and fluctuation frequency are analyzed
quantitatively. Based on the presented results the following
conclusions can be drawn:

FIGURE 8 | Fluctuation of discharge flow rate during the whole
discharge process.

FIGURE 9 | Amplitude-frequency diagram obtained by Fast Fourier
Transform (FFT).
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1. According to the empirical formula proposed by Beverloo and
Nedderman, the trend of mean discharge flow rate at different
orifice size was fitted in this experiment. Compared with
Nedderman’s empirical formula, the empirical formula
proposed by Beverloo obtained a higher consistency in this
experiment. Compared with previous research, the
corresponding coefficients C and k fitted by this experiment
are both within the range of the previous study’s result, which
verifies the validity and accuracy of the drainage measurement
method. Compared with the traditional weighing method
based on electronic balance, the drainage method with high
sampling frequency and low response time provides the
possibility of measuring the high frequency oscillation
(greater than 2 Hz) that may occur in the silo discharge
process.

2. Combining the use of high-speed camera and image
recognition, discharge mass flow rate fluctuations and
change of bubble content are identified as the two cause of
fluctuations in the measurement signal. An ideal bubble
content change model is proposed to interpret the
“fallback” phenomenon in the discharge curve and the
negative value in the discharge flow rate calculated from
the measurement signal.

3. In the amplitude-frequency diagram obtained by the discrete
Fourier transform method, the fluctuation frequency of
particle mass flow rate and the fluctuation frequency of
bubble content are distinguished. The fluctuation frequency
of the particle mass flow rate showed a phenomenon of
increasing first and then gentle under different orifice sizes,
and showed a linear trend when the orifice diameter is less
than 50 mm. Under the same relative orifice size R, it can be
observed that the fluctuation frequency of different sets of
particles is not the same, and the fluctuation frequency of large
particles are always higher than that of small particles. This
result is consistent with the simulation result of Cesar et al.
(Zeng et al., 2017). In the research on jamming, the

dimensionless orifice diameter R is the decisive factor
affecting the formation of arch bridges. Therefore, the
experimental results of this research can show that the
particle discharge flow rate fluctuation is not only
determined by the formation and collapse of the transient
arch bridge when the critical jamming orifice size is
approached.
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