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Spatial filtering velocimetry (SFV) has the advantages of simple structure, good stability, and wide applications.
However, the traditional linear CCD-based SFV method requires an accurate angle between the direction of linear CCD
and the direction of moving object, so it is not suitable for measuring a complex flow field or two-dimensional speed in a
granular media. In this paper, a new extension of spatial filtering method (SFM) based on high speed array CCD camera
is proposed as simple and effective technique for measuring two-dimensional speed field of granular media. In particular,
we analyzed the resolution and range of array CCD-based SFV so that the reader can clarify the application scene of this
method. This method has a particular advantage for using orthogonal measurement to avoid the angle measurement, which
were problematic when using linear CCD to measure the movement. Finally, the end-wall effects of the granular flow in
rotating drum is studied with different experimental conditions by using this improved technique.

Keywords: spatial filtering velocimetry, array CCD, end-wall effects, resolution

PACS: 42.30.-d, 47.11.j, 47.57.Gc

1. Introduction

Granular materials are ubiquitous in the nature and im-
portant in various industries. The granular material exhibits a
peculiar flow behavior that it can show both flow characteris-
tics of the solid and the liquid depending on the conditions.!!]
Therefore, research on granular flow has been a hot and dif-
ficult topic in the past few decades. Among a number of
physical quantities that can characterize the motion features
of the granular flow, speed is the most essential feature for
characterizing the motion of granular flow. In particle’s speed
measurement field, particle image velocimetry (PIV) and par-
ticle tracking velocimetry (PTV) are two of the most common
used methods. They can measure both particle’s speed!>! and
acceleration.[-8] However, PTV requires a clear image of each
particle, which means this method needs more stringent ex-
perimental conditions and equipment. Although PIV does not
need a clear image with each particle, in order to obtain large
signal-to-noise ratio (SNR) images, the experimental system
requires very uniform illumination which is difficult to realize
since the imaging and lighting system with the observed parti-
cles and accompanying scene have a complex interaction. [°~14]

Spatial filtering velocimetry (SFV) is another method that
can measure granular flow speed. Compared with the men-

DOI: 10.1088/1674-1056/ab8ac2

tioned methods above, the main advantages of this method are
high resolution, non-contact, and strong environmental adapt-
ability. It does not require a clear image of each particle. In the
scenes where it is not easy to obtain a high SNR image, this
method will be more suitable than PIV due to non-uniform
illumination and other factors.[!3! In the 1960s, Ator!'®! first
proposed the concept of spatial filtering method (SFM) and
applied it to the measurement of the movement of particle mo-
tion in the air. Since then this method was used to measure
the speed of rough surface fluid and solid-liquid two-phase
flows.!'7-291 With time and development of new spatial filter-
ing methods, CCD cameras have gradually replaced traditional
structural gratings. The CCD camera acts as a spatial filter
and a photo-receiving device, making the speed measurement
structure much simpler. Uddin et al.'>! used a linear CCD
to simulate a traditional grating in a spatial filter system for

22.23] ysed a linear CCD to mea-

the first time. Yang et al.!
sure the speed of irregular particles in the rotating drum and
showed that the method is suitable for granular flow measure-
ments. One drawback of the linear CCD-based SFV for gran-
ular flow applications is the need to accurately measure the
angle between the pixel array and the direction of motion in

actual measurement, which limits granular flow applications
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as usually the angle cannot be accurately determined. On the
other hand, granular flow is almost never one-dimensional as
accessible by linear-based SFV so a strong need is to extend
the technique to measure two-dimensional speed.

In recent years, with the emergence of more and more
complex scenes, researchers proposed a new SFV method
based on array CCD camera.!>*! This is a great improvement
in the field of SFV at the time. Array CCD-based SFV can
measure the speed components in orthogonal direction, so the
errors caused by angular measurement can be avoided. There-
fore, array CCD can replace linear CCD as the main device
of spatial filtering system especially in the context of granu-
lar material flow measurement. However, as far as we know,
there is no detailed study about parameters such as system’
resolution and range, efc.

On the basis of the above description, this paper makes
a further study on the array CCD-based SFV, especially study
the sensitivity, range, and temporal-spatial resolution of the
measurement system. In this measurement, we focused on the
end-wall effects of granular flow in rotating drum %! as impor-
tant phenomena to be studied, since the previous paper!?®! did
not study the continuous state of the granular flow. Finally,
the influences of different factors on the end-wall effects are
presented and discussed.

2. Principle and setup
2.1. Principle of traditional SFV

Spatial filter velocimetry is used to measure the speed by
observing the optical image of the moving object through a
set of parallel slits or transmission gratings. Figures 1(a) is a

schematic illustration of SFV measurement system. The entire
system consists of light source, objective lens, spatial filter de-

object

objective lens
transmission grating

(a)

vice, focusing lens, and photodetector. The light source is irra-
diated on a surface moving with a speed v, and the light is scat-
tered from the moving surface. The scattered light is imaged
by the objective lens on a spatial filter composed of a grating,
the light passing through the grating is focused by the focus-
ing lens and then received by the photodetector. Due to the
narrow bandpass filtering characteristics of the spatial slit, the
photodetector outputs a periodically varying sinusoidal sig-
nal containing the speed information. Figure 1(b) shows the
generation process of the periodic signal. Since the object
to be measured has a sustained speed v and the grating has
a spatial period length p (interval between the grating parallel
slits), the output signal of the photodetector has a stable pe-
riod Ty = p/vo where vy is the speed of the scattered image
which is proportional to v in M. According to the relationship
fo = 1/Ty between period and frequency, the speed of moving
objects can be calculated using the following equation: [>7]

v— P-fo

= 1
M -cosO’ M

where M is the magnification of optical system, and 6 is the
angle between pixel array and speed direction.

Due to the complexity of structures, the difficulty of pro-
cessing, and the fixed space period, the traditional SFV system
with transmission grating and thermoelectric sensor structure
has been gradually replaced by CCD/CMOS cameras. The use
of CCD cameras greatly simplifies the system structure, and
increases flexibility and stability. The traditional linear CCD
which replaced the traditional grating in the early stage can-
not meet the requirement of measurement for multi-directional
speed, so the array CCD has become the main acquisition de-
vice in current SFV system!?®2°! to study the end-wall effects
in our simple rotating drum.

Fig. 1. Schematic diagram of (a) SFV measurement system and (b) spatial filtering signal generation process.

2.2. Spatial filtering effect

According to the analysis above, the most important prob-
lem of the spatial filtering velocimetry system is the spatial fil-
tering effect produced by the grating. Let f(x,y) be the light
intensity distribution and %(x,y) be the light intensity trans-

mittance. Supposing the image moves with speed components

vy and vy in directions x and y, respectively. The signal ob-
tained by the photodetector can be expressed by the following
formula: 3%

g(xr,yr) = / / f (xr—x,y, —y) h(x,y)dxdy, 2)

where x, = vt +c1, yr = Wyt +¢2. In general, f(x,y) is con-

sidered to satisfy the random traversal process. So, the auto-
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correlation function of the output signal is

R(T,7y) = E[g (%, + Te,yr + Ty) & (X1, 30)], 3)

B pPerform

where E[X] means the expectation operation.
Fourier transform on Eq. (3), we can get the power spectral

density function

Gp(l,y) = Fo(U, Y)Hp (WL, 7), )

where Fp(l,y) and Hp(u,y) represent power spectral den-
sity functions of f(x,y) and h(x,y), respectively. In order to
simplify the following expression, we assume that the object
moves at speed v along x direction. Integrate Eq. (4), we can
finally obtain the power spectral density function Gp(f) in the

time domain
1 oo
Ge(H) =, [ R DH D ©)

where y = f/v. The function Gp(f) will contain a peak fre-

quency that can be used to calculate the speed of the object.

2.3. Principle of array CCD-based SFV

Array CCD is a photodetector composed of discrete pix-
els. By selecting a specific pixel unit, the traditional grat-
ing can be simulated by the array CCD as a spatial filter for
measurement. The schematic diagram of the array CCD sim-
ulating the spatial filter in the horizontal direction is shown in
Fig. 2. Supposing there are X, pixels in the horizontal direc-
tion and Y, pixels in the vertical direction, the horizontal speed
of the particle motion is V;, and the speed in the vertical direc-
tion is V). Taking the horizontal direction X as an example,
the area to be tested on the image of the i frame is selected,
all the pixels in this region can be divided into odd-numbered
columns and even-numbered columns, which are structurally
equivalent to two spatial filters whose phases are different by
half a period. The X,, pixel values of each column are added,
and the sum B, ; of the even columns is subtracted from the
sum By ; of all the odd columns to obtain differential output
A of the analog filter of single image. Repeat the above steps
for all frame images, a sample sequence A = (A1, A», ..., A;,
..., A,) can be obtained, where n is the number of frames of
the acquired image. The sequence A is embodied in the time
domain as a periodic sinusoidal function. Performing Fourier
transform on the sequence to get the spectrum function, then
correcting the spectrum function with the energy barycenter
correction!®?! so that we can determine the peak frequency fj
accurately, and finally we calculate the horizontal speed V, by
Jfo. More details of the above correction method can be found

in our recent paper.>?!

Each of the light-transmitting area and the light-shielding
area constitutes a spatial period P, which is represented as an
adjacent odd-numbered column and an even-numbered col-
umn on the image, and the number of spatial periods n can
be obtained by dividing the total number of columns by the
space period P. Speed Vj, in the vertical direction of the object
can be obtained in the same way. Finally, the actual moving
speed, V, of the object can be calculated according to the vec-

tor summation formula.

By

B Ai

array detector

object lens

surface particulate flow

Fig. 2. Principle of array CCD-based SFV.

2.4. Experimental setup

According to the array CCD-based SFV principle and the
actual measurement demand, the drum granular flow speed
measuring system is constructed, as shown in Fig. 3(a). The
experimental device is composed of white light source, array
CCD camera, rotating drum device, and turntable. Fixing the
lens-mounted array CCD on the bracket and adjust the shoot-
ing angle so that the lens is parallel to the surface of the gran-
ular flow. The light source in the system is a white LED light,
and the array CCD what we used is a QianYanLang 3F04M
high-speed camera with 2320 x 1720 pixels and a single pixel
size of 7.7 um. The lens is a fixed-focus lens designed by
NIKON, and the focal length is 35 mm. The rotating drum
with the particles is placed on the horizontal turntable, and
the array CCD continuously photographs the surface of the
granular flow, the images are stored to a computer for off-line
analysis.

The rotating drums used in this article are all made of
plexiglass and driven by a DC motor on a turntable. The di-
ameter of the drum is 140 mm with 3 different drum lengths of
100 mm, 150 mm, 200 mm. The particles are all glass beads
with a density of 2.7 g/cm3, and the selected sizes are 0.5 mm,
1 mm, and 2 mm. A sample of 1-mm diameter glass beads is
shown in Fig. 3(b).
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array detector
(a) drum

granular materials

Fig. 3. (a) Schematics of array CCD-based SFV measurement system
applied to rotating drum. (b) Sample picture of 1-mm diameter glass
beads.

3. System parameter
3.1. Accuracy

In order to verify the effectiveness of the measurement
system and evaluate the accuracy of the array CCD measure-
ment system, first, the SFV measurement system was used to
measure a uniform moving conveyor belt. Figure 4(a) shows
schematics of the measuring conveyor speed system. Fixing
the array CCD and the lens on a bracket, adjusting the shoot-
ing angle to make sure that the pixel plane is parallel to the belt
motion plane, then we select the appropriate shooting height
and focal length to obtain the measurement image of the belt.
Figure 4(b) shows an example of the original movie frame of
the conveyor belt from the movie recorded at a frame rate of
1000 Hz.

After setting up the measuring system, the amplification
M, which can be calculated according to the ratio of the actual
length of the object to the number of pixels it occupies in the
picture, should be determined first. The belt width is 10* pum,
and the number of pixels (single pixel width is 7 pum) the belt
occupies in the picture is 81, so the system amplification fac-
tor can be calculated as 0.0567. Measurement of granular flow
does not require changing the device position and system pa-
rameters, so the magnification in the following experiment is
the same. In order to verify that the array CCD-based SFV will
not be affected by the placement angle, first we adjust the an-
gle between the conveyor belt and the array CCD, and take the

images at different angles for speed measurement; to verify the
rationality of multi-point measurement scheme for segmenta-
tion of array CCD into multiple sub-filters, two regions S1 and
S2 are selected from the original image as sub-filters for speed
measurement.

array

detector belt

DC motor

Fig. 4. (a) Conveyor belt speed measurement system. (b) Example of orig-
inal image collected by the array CCD used in analysis with two regions of
interest (S1 and S2) outlined.
The experiment set the conveyor speed V from 3 cm/s to
9 cm/s in 3-cm/s step value for a total of three speed values,
besides, we set two different angles 30° and 45° for measure-
ment. All of the following data are the average of ten exper-
imental runs. Table 1 is the comparison data of the speeds
calculated from the two different angles 30° and 45° in S1
area. It can be seen that the two sets of data are basically
consistent with the actual values. Table 2 compares the mea-
surement results of the central and edge regions of the CCD at
30°. According to the measurement data, it is obvious that the
measurement speed of the two regions are consistent. The rel-
ative experimental error calculated as (Vo — V') /V where Vy is
actual measurement speed and V is theoretical speed are also
given in the table.

Table 1. Multi-angle speed comparison results in region S1.

Vi(cm/s) Vip/(cm/s) Error/%  Std  Vys/(cm/s) Error/%  Std

3 3.019 0.6 0.029 3.009 0.3 0.016
6 6.096 1.6 0.02 6.062 1 0.062
9 9.117 1.3 0.034 9.174 1.9 0.027

Table 2. Multi-point measurement results for 30° angle between conveyor
belt and array CCD.

Vi(cm/s) Vsi/(cm/s) Error/%  Std  Vsp/(cm/s)  Error/% — Std

3 3.019 0.6 0.029 3.016 0.5 0.032
6 6.096 1.6 0.02 5.925 1.3 0.015
9 9.117 1.3 0.034 8.917 0.9 0.03
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Comparing the above data, it can be found that the array
CCD-based SFV method is not affected by the placement an-
gle, and the maximum error is less than 1.9%, which is lower
than the linear CCD-based SFV method proposed by our team

(221 Compared with the

before (the maximum error is 2.46%).
speeds in S1 and S2 regions, it can be found that the speed
calculation results between the two regions are consistent. Ar-
ray CCD can perform multi-point measurement on granular
flow speed field which makes up for the deficiency of the lin-
ear CCD. Therefore, spatial filtering velocimetry measurement
based on array CCD is feasible and superior to spatial filtering

velocimetry measurement based on linear CCD.

3.2. Range

If the object to be tested moves at a constant speed v and
the camera frame rate is r, then the distance that the object ac-
tually moves during the time interval ¢t between two adjacent
frames is

1
L=vt=v-—. (6)
r

For an installed speed measuring system, the magnification is
constant, assuming the magnification is M, and the length of
the moving object reflected in the CCD camera is [, accord-
ing to the proportional relationship between the object and the
image M = /L, the following expression can be obtained:

v:%m @)

It can be seen from Eq. (7) that when the speed measuring
system 1is installed, the actual measured speed range is only
related to the camera frame rate

l l
M'rmin<V<M'rmam (8

where rp, 1s the minimum frame rate while rypax is the maxi-
mum frame rate

3.3. Resolution

The system resolution includes time resolution R; and a
spatial resolution R,. Theoretically, R, and Ry are only re-
lated to the CCD camera characteristics. The time resolution
R; = 1/f is determined by the camera frame rate f. Increas-
ing the frame rate f, the time interval between the two frames
becomes shorter and the continuity of the output signal gets
better, then the surface speed of the granular flow will be more
accurate. The maximum frame rate of the camera used in this
experiment is 40600 frames per seconds (fps), so the mini-
mum time resolution Ry, is 1/40600 s. The spatial resolution
R = n- p is determined by the space period size p and the slit
number n. Generally, at least two rows (columns) of pixels
can form a spatial period. In order to obtain the speed infor-
mation of the object to be tested, one spatial period is required

at least. Therefore, the minimum spatial resolution of the sys-
tem is the pixel width of the two rows (columns) of the CCD
camera. The single pixel size of the CCD camera used in this
experiment is 7 um, considering the magnification of the ex-
perimental system, M, the minimum spatial resolution of the
system is Ryyin = 14 - M in units of pum.

In the actual situation, considering the real-time demands
of the measurement and the granular flow setup, we need to
choose the optimal R; and R,. After measuring and compar-
ing the same motion scene with different frame rates, it can
be found that when the camera frame rate set at 1000 fps, the
signal will possess a large signal to noise ratio (SNR) enabling
confident determination the peak frequency fy. The increase
of frame rate will lead to decrease in SNR introducing ambi-
guity in peak frequency determination which limits a real-time
measurement. Therefore, the best time resolution is 0.001 s;
when changing the space period to calculate the scene to be
measured, we find that the output signal has the best period-
icity when the space period is set to 100 pum—120 pm. When
the spatial period p is constant, we will get a larger sensitive
area when the analog slit number becomes large. The size of
the sensitive area directly affects the filtering effect of the spa-
tial filter, mainly in the amplitude and main peak bandwidth of
the spatially filtered signal: the more the number of stripes is,
the narrower the bandwidth of the main peak of the signal and
the higher the resolution become. However, as n increases,
the single measurement area gets larger, the measurable points
in the whole area are reduced, the measurement accuracy is
lowered. For the same position of the drum, we set the same
space period size p and the different number of slits n. After
multiple measurements and analysis, it can be found that the
most suitable number of slits n is 10. Thus, the best spatial
resolution is 1 mm.

4. Results and discussion
4.1. Speed distribution of granular flow in rotating drum

Figure 5 shows the typical speed distribution of the gran-

1331 ysing the developed technique

ular flow in the rolling state
described above. As shown in Fig. 5(a), the granular flow near
the end-wall region creates trajectories that are bended toward
the center of the drum. The frictional force of the end wall
of the drum has a great influence on particles. Figure 5(b) is
the normalized speed field distribution of the active granular
flow layer. In order to investigate the axial speed distribution
of the granular flow surface, each axial value has been normal-
ized with the the peak axial speed vyax. The measurement re-
sults are of the same order as our previous linear CCD-based
SFV method measurements!>?! and the observed phenomena
are consistent with the results measured by Santomaso.!*>! Ob-
serving the speed distribution of the granular flow, it can be
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found that the axial speed distribution is not uniform. The
granular flow speed near the end wall region is significantly
smaller than the speed away from the end-wall region, and the
peak speed of the axial region does not appear in the center
of the drum, but appears in halfway between side-walls and

Il.OO

center of the drum.

140 mm

D=

L =100 mm

Fig. 5. (a) Trajectories of granular flow in the drum, arrows indicate the
granular flow trajectory. Green and red arrows represent the vertical and
axial speed, respectively, and black arrow represents the combined speed.
(b) Normalized distribution of speed information of the granular flow. The
drum is 100-mm long with 4-rpm speed and 40% filling degree, the particle
size is 1 mm.

2

A2 A3 | A3 | A2 Al
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30—
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35+
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20
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Fig. 6. (a) Raw image of the flowing layer of the drum showing red rect-

angular region of interest used for detailed analysis. (b) Speed distribution

of granular flow for the red region. The particle size is 1 mm, and the drum

rate is 3.7 rpm.

In order to study the axial flow variation of the drum parti-
cle, as shown in Fig. 6, the red rectangular region was selected
to measure and analyze the speed profile in detail. The cho-
sen rectangular region of the granular flow surface is divided
into three pairs of axial sub-parts according to different speed
profile characteristics. The granular flow speed in the end-
wall region of the drum is smaller than the speed of particles
away from the end-wall region. The reason is that the friction
caused by the end wall cause particles in the region to slow
down, and the particles away from the region are not affected
by the friction force, the speeds are higher than those near the
end wall. These near end-wall areas are set to be A1. A peak
speed vmax appears in a region half-way from the end wall of
the drum, this is because the frictional force on the end wall of
the drum causes the granular flow speed lower than granular

flow far from the end wall. According to the conservation of
mass,3# the granular flow near the end wall will compensate
for the faster particles flowing away from the end wall. The
flow of particles near the end wall will generate an axial force
which will cause the flow to move obliquely in the center of
the drum, the additional speed will superimpose the original
speed of the granular flow, resulting in the appearance of the
peak speed viax. The areas where the peak speed located are
set to be A2. The axial speed will tend to be flatter away from
the end wall, where the speed value is between the speed near
the end wall and the peak speed, these areas are set to be A3.

The following part will specifically study the end-wall ef-
fects with different conditions. From the above speed distribu-
tion, it can also be found that the axial granular flow speed has
symmetry in the axial direction, so all of the following results
only show the speed distribution from the left side to the cen-
ter axis of the drum. It should be noted that all the following
works are carried out in the rolling state, since the end-wall
effects in this state are more obvious.

4.2. End-wall effects with different parameters
4.2.1. Size factor

In order to investigate the influence of different drum
lengths and particle sizes on the end-wall effects, we used dif-
ferent length drums and different size particles in experiments.
Figure 7(a) shows the speed comparison of different lengths of
the drum in the axial region. It can be seen that no matter how
the drum length changed, the peak speed vmax of the A2 re-
gion appears at 15 mm—17 mm from the end wall. Therefore,
the position of maximum speed, L,max, does not change with
overall drum length. In addition, observing the A3 region, it
can be found that the drum with the smaller length will lead to
a higher speed in the A3 region. The difference is due to the
fact that when the drum is narrower, the granular flow in A1 re-
gion will not only influence that in A2 region, owing to that A1
region is also close to A3 region, the granular flow in A1 region
will also influence that in A3 region, so the speed of granular
flow in A3 region is increased. The results are consistent with
the surface flow in chutes of varying width (the streamwise
speed increases as the width between the walls decreases). 3]

Figure 7(b) is a speed comparison in the axial region for
different particle sizes. Similar to the results of changing the
length of the drum, the change of particle size did not change
the position of peak speed L,max in A2, and the position of
peak speed still appeared at the distance of 15 mm—17 mm
from the end wall. In addition, the peak speed in A2 region and
the speed in A3 stable region can also be changed by changing
the particle size, when the particle sizes is 2 mm, the speed is
only 2/3 of the corresponding position when the particle size

is 0.5 mm.

074201-6



Chin. Phys. B Vol. 29, No. 7 (2020) 074201

--100 mm |
--150 mm
--200 mm

45+
40+
35+
30
25+
20+
520 0 60 80

Length/mm

L/2

Velocity/(mm/s)

70}

60|

50 F 1

40}

Velocity/(mm/s)

(b) 1
30 L L L L
0 10 20 30 40 50 60
Length/mm

Fig. 7. (a) Axial speed distribution of 1-mm particles flow in different length
cylinders at 2.5 rpm. (b) Axial speed distribution of particles flow for dif-
ferent particle sizes at 3.7 rpm. The particle filling degree is 40%, and the
measurement area was set at 40 mm from upper end of the granular flow.

4.2.2. Drum speed

In this section the drum rotating speed is varied to study
the effects of speed on the end-wall effects. As shown in
Fig. 8, regardless of the drum rotation speed, the granular flow
speed in the Al region is still smaller than the granular flow
speed in A2 and A3 regions, and the frictional force of the drum
end wall still affects the granular flow movement near the end
wall. When the drum speed is 2.5 rpm, the speed drops slowest
from A2 region to A3 region, and the speed begins to stabilize
at 30 mm from the end wall. In other word, the A2 region is
increasing with the increase in rotational speed. In addition,
it can be found that the effect of the end-wall effects on the
peak speed vmax gradually decreases as the rotational speed
increases, at the rotational speed of 4.5 rpm, the value of vyax

compared to the speed in A3 region has become less promi-
nent. Muzzio et al.*®! did similar experiments at larger drum
speeds, combining with their measurements, we speculate that
as the rotation speed of the drum increases, the influence of the
inertial force on the granular flow is greater than the friction
of the end wall, so when the speed superposition occurs in the
peak speed region, the influence of the end-wall effects is not
as prominent. In this case, the peak speed is closer in value to
the speed in A3 region.

4.2.3. Filling degree

Considering the degree of filling, since the surface area
of the flow layer in different filling degrees is different in the
same drum, the best solution is to compare the central axial
area of the surface of the particle stream. Experimentally,
when the filling degree is too low, the obtained motion fluc-
tuates greatly, so the filling degree was changed from 30% to
50%.

As shown in Fig. 9, in the continuous flow state, changing
the particle filling degree in the drum can significantly change
the peak speed position, and as the filling degree is larger, the
axial peak speed of the granular flow is closer to the central
region. This is because when the degree of filling becomes
larger, the contact area of the flow layer A1 region and the end

s,B71 50 the flow of particles in the

wall of the drum increase
Al region is subjected to greater frictional force, thereby gen-
erating a larger axial speed. The superposition of axial speed
and vertical speed causes the peak axial speed to shift to the

central area of the drum.
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Fig. 8. Axial position speed distribution at different rotating speed
drum. The particle filling degree is 40% while the particle size is 1 mm,
and the length of drum is 100 mm. The measurement area is set at

40 mm from upper end of the granular flow.

Length/mm

Fig. 9. The axial speed distribution for different filling degrees at 3.5 rpm.
The experimental was performed with 1-mm particles in the 100-mm wide
drum.

5. Conclusion

In the study of the speed field of particles surface flow
within rotating drum, the end-wall effects cannot be ignored.
We combined the SFV method with an array CCD and pro-
posed an improved method for granular flow measurement.
This paper focused on the SFV system’s sensitivity, range, and
temporal-spatial resolution. Compared with linear CCD, array
CCD can not only obtain the entire surface flow field of the
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particles but also eliminate the angular error by vector sum-
mation. Therefore, this method can accurately measure the
whole field speed profile of the drum, so the end-wall effects
of the rotating drum flow can be analyzed. By analyzing dif-
ferent drum parameters separately, this article also achieved
got the following conclusions:

(i) End-wall effects of the drum occurs only in the end-
wall regions at both ends, due to the friction of the end wall.
The speed of the particles near the end wall is smaller than
that of the particles away from the end wall. According to the
law of conservation of momentum, a slow granular flow will
compensate for the granular flow with a fast speed, which will
result in an axial speed of the flow of particles. In addition,
due to the effect of speed superposition, a peak speed occurs a
little further from the end wall.

(i) To reduce the influence of end-wall effects, the
method of increasing drum rotating speed and length can be
adopted. When the drum at a high rotating speed, the peak
speed becomes less obvious and the end-wall effects area is
shrinking. The main reason is that when the rotating speed
of the drum increases, the influence of the inertial force on
the granular flow caused by the drum rotation will be much
greater than that of the friction force caused by the end wall.
Although changing the length of the drum and the particle size
does not affect the position of the peak speed, as the drum gets
longer, the steady speed area in the middle of the drum will
get larger, therefore, more effective values can be obtained in
one experiment.
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