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Experimental investigation of interparticle collision rate
in particulate flow
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Abstract

Interparticle collision is an important phenomenon in the mechanics of two-phase flow. Most past re-

searches on this problem have been based on the analogy with kinetic theory of gases with few experimental

validations of the results. While this paper presents the directly measured experimental data of collision rate

in vertical two-phase flow. This research used a high-speed camera and Particle Tracking Velocimetry
(PTV) algorithms to focus on the interparticle collisions, especially the collision rate, on a millisecond time

scale and a millimeter space scale, which is the particle size (1.8 mm in diameter). The camera speed was

normally 2000 frames per second with an exposure of 1/2000 s and a laser power of 25 W for particle

velocity of less than 4m/s in the collision region and particle fractions of about 0.015. A manual count of the

collision numbers was chosen as the most accurate method for the determination of the collision rate. The

PTV algorithms were applied to calculate the particle number density and relative velocities. The corre-

lation between the particle collision rate, the particle number density, the average relative velocity between

particles and the measured granular temperature, was compared with commonly used relations based on
kinetic theory. The results demonstrated that great differences exist between the theoretical and experi-

mental results for these experimental conditions. The collision rate determined experimentally is much

lower than the theoretical estimation based on kinetic theory. This means the theoretical correlations

overestimate the collision rate in the gas-particle flows. This discrepancy may be attributed to the

assumptions in the theoretical collision model and experimental error.
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1. Introduction

Interparticle collisions play a significant role in numerical simulations and theoretical analyses
of real gas-particle two-phase flows, such as pneumatic conveying, fluidized beds, mixing devices
and others. In such particle-laden flows the particle behaviors may be considerably affected by
interparticle collisions in addition to aerodynamic transport and turbulent effects if the mass
loading is high or regions of high concentration developed as a result of inertial effects (Som-
merfeld, 1995). In this condition, the effect of collisions between particles is no longer negligible
(Crowe, 1981) even at particle volume fractions as low as 4 · 10�4 (Tanaka and Tsuji, 1991). To
improve our understanding of such collision flows, the collisions between particles have been
studied numerically using various models, either an Eulerian approach where each phase is
considered as a continuum fluid or a Lagrangian approach where representative particle trajec-
tories are computed. Early Lagrangian calculations dealt with dilute flows (for example Mat-
sumoto and Saito, 1970a,b) where only particle–wall interactions were considered. Thanks to the
continuous and rapid growth of computer capacities, Lagrangian simulations of more complex
flows with consideration of interparticle collisions have become possible. Two approaches can be
used to account for the interparticle collisions in the frame of the Euler/Lagrange method for the
numerical calculation of two-phase flows. The first method consists in simultaneously computing
the trajectories of all the particles in the flow domain, thus making it possible to handle the
collisions in a deterministic way (Ottjes, 1978; Tsuji et al., 1990; Tanaka and Tsuji, 1991).
However, the huge number of particles in actual flows and the very small time interval, which
must be used, limit this method to relatively small problems, if one wants to preserve reasonable
computation times. More recently, a second method proposed by several authors (Tanaka and
Tsuji, 1991; Oesterle and Petitjean, 1991, 1993; Sommerfeld and Zivkovic, 1992; Sommerfeld,
2001) has used a Monte Carlo type Lagrangian simulation technique, which includes computation
of only a restricted number of trajectories with interparticle collisions analyzed by means of a
probabilistic collision model.
However, this collision model is derived according to the analogy of kinetic theory of gases.

Such probabilistic models need to be tested (Sommerfeld, 1994) by measurements of a suspension
flow where collisions between particles play an important role. Any improvement of the predic-
tions will also surely require a better knowledge of the parameters governing the particle-to-
particle collision process such as the collision frequency. This could be achieved by directly
measuring the distribution of the collision frequency on a vertical channel facility (Fohanno and
Oesterle, 2000).
This is the goal of the present study, which aims to provide direct experimental data on the

collisions of large particles in a particular flow configuration where the effects of interparticle
collisions are significant. This is significant to the validation of the theoretical collision models
derived from kinetic theory.
2. Interparticle collision rate

Firstly, some quantities used in the analysis of particle collisions need to be defined clearly. In a
particulate system, interparticle collision rate Nc is defined as the total number of interparticle
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collisions per unit time per unit volume, and the collision frequency fc is defined as the number of
collisions undergone by one single particle per unit time. The relation between them is
Nc ¼
1

2
nfc ð1Þ
where n is the particle number density and the factor 1/2 is a correct for the double counting
between identical particles.
A useful theory of interparticle collisions would predict the average collision rate from known

properties of the flow and the particle phase (e.g. concentration, diameter, and density.) Quite a
number of theoretical studies on the collision rate of particles or droplets in turbulent flows have
been published in the past. A detailed review was given for example by Williams and Crane (1983)
and Pearson et al. (1984).
The consideration of interparticle collisions in the most commonly applied Lagrangian ap-

proach where one particle is tracked after the other through the flow field requires the derivation
of an appropriate collision model, since no information is available about neighboring particles.
Recently, Sommerfeld and Zivkovic (1992) and Oesterle and Petitjean (1993) developed inde-
pendently a similar probabilistic interparticle collision model, which was based on the calculation
of the collision probability along the particle trajectory in analogy with kinetic theory of gases. In
these models collision frequency is the key quantity for the calculation of collision probability.
Collision frequency relations have been derived using kinetic theory, for example the derivation

given by Bird (1994). First assume the domain has only two classes of particles with different
diameters and concentrations, particles A and B. Their diameters are d1, d2 and their concen-
trations are n1, n2, with an equivalent diameter d ¼ ðd1 þ d2Þ=2, then the effective collision area as
shown in Fig. 1 is:
S ¼ pd2 ð2Þ
If the velocity of particle A is vi
! and that of B is vj

!, then the relative velocity between A and B is
vr
!¼ vi

!� vj
!. Now choose a reference frame in which particle A moves with velocity vr

! while
particle class B is stationary. Then, over a time interval Dt, particle A would collide with any
particle B that has its center within the cylinder of volume jvr!jDtS, as shown in Fig. 2.
The collision frequency of a single particle of class A (i.e. n1 ¼ 1) with all other particles in class

B is, therefore,
Fig. 1. Equivalent diameter.



Fig. 2. Effective collision volume swept out by moving particle A among stationary particles B.

1124 C. You et al. / International Journal of Multiphase Flow 30 (2004) 1121–1138
fc ¼ pd2n2vri ð3Þ

In Eq. (3), vri, defined as vri ¼ 1

Nj

PNj

j¼1 j vi!� vj
!j ðj 6¼ iÞ, is the average relative velocity of the

considered particle i with all other particles in class B. Nj is the total particle number of class B in
the investigation volume. Considering the number density of A class particles, the total number of
collisions of particle A with all other particles B per unit time per unit volume is:
Nci ¼ pd2n1n2vr ð4Þ
In Eq. (4), vr, defined as vr ¼ 1
NiNj

PNi
i¼1

PNj

j¼1 j vi!� vj
!j ðj 6¼ iÞ, is the average relative velocity be-

tween all particles in the investigation volume. In a monodisperse particulate system, the total
number of collisions per unit time per unit volume (collision rate) is:
Nc ¼
1

2
pd2n2vr ð5Þ
where the factor 1/2 is included to correct for double counting of collisions between identical
particles. This shows that the collision rate is a function of particle diameter, particle number
density and their average relative velocity.
Also, the derivation of Sundaram and Collins (1997) gave the same expression. Consider a

system of Np particles of diameter d in a volume V . From a development analogous to kinetic
theory of gases, the average collision rate Nc in such a monodisperse particulate system can be
expressed as:
Nc ¼
1

2
pd2n2vrgðdÞ ð6Þ
where n is the particle number density and vr is the average relative particle velocity. gðdÞ is the
particle radial distribution function at contact, related to the probability density function of the
relative particle separation. It represents a correction to the local number density due to non-
uniformities in the spatial particle distribution. As particle position is random and the particle
volume fraction is small, gðdÞ 	 1. So the same expression of collision rate is obtained:
Nc ¼
1

2
pd2n2vr ð7Þ
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The collision models of Sommerfeld and Zivkovic (1992) and Oesterle and Petitjean (1993)
independently gave the collision frequency to be:
fc ¼
ffiffiffi
2

p
pðR1 þ R0Þ2jv1!� hv0!ijn ðby Oesterle and Petitjean; 1993Þ ð8Þ

fc ¼ pðR1 þ R0Þ2jv1!� hv0!ijn ðby Sommerfeld and Zivkovic; 1992Þ ð9Þ
where v0 and R0 are the velocity and radius of the environmental particle (Oesterle and Petitjean)
or fictitious particle (Sommerfeld and Zivkovic) defined in their research, which represents the
mean properties of the particles surrounding the particle tracked using the Lagrangian approach,
n is the particle number per unit control volume, i.e. the particle number density. These two
expressions are nearly the same, except that Eq. (8) includes a factor

ffiffiffi
2

p
accounting for the

difference between the one-dimensional situation and the three-dimensional one, with the
assumption of a Maxwellian distribution of the particle relative velocity with respect to the local
average solid phase velocity.
Referring to the surrounding particle property defined by Oesterle and Petitjean (1993) or the

fictitious particle concept by Sommerfeld and Zivkovic (1992), the average relative velocity vr is
similarly defined as:
vri ¼
1

Nj

XNj

j¼1
j vi!� vj

!j ðj 6¼ iÞ ð10Þ

vr ¼
1

Ni

XNi

i¼1
vri ð11Þ
The analysis above suggests a general relation for the collision frequency of a single particle and
collision rate from the analogy with kinetic theory of gases:
fc ¼ apd2vrn ð12Þ

Nc ¼
1

2
apd2vrn2 ð13Þ
where a is a coefficients which equals
ffiffiffi
2

p
in Eq. (8) (by Oesterle and Petitjean, 1993) and 1 in Eq.

(9) (by Sommerfeld and Zivkovic, 1992). It is shown that the number of collisions undergone by a
particle is proportional to the number density of the surrounding particles, while the total number
of collisions in the disperse phase is proportional to the square of the particle number density.
The granular temperature can also be used to express the collision rate in particle kinetic theory

(Gidaspow, 1994), which is usually used in the Eulerian approach for simulating two-phase flow.
Based on limited experimental measurements of instantaneous velocities of particles in a liquid
fluidized bed by Carlos and Richardson (1968), the particle velocity distribution can be assumed
to follow a normal distribution about its mean value ~u, which can be defined in terms of the
instantaneous velocity~v:
~u ¼ h~vi ð14Þ

The fluctuating velocity~v0 about the mean value can be defined as:
~v0 ¼~v�~u ð15Þ
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Then, the granular temperature is:
H ¼ 1

3
hj~v0j2i ð16Þ
In granular flows with two classes of particles having diameters d1 and d2, Gidaspow (1994)
gave the number of binary collisions per unit time per unit volume as:
N12 ¼ 4n1n2d2g0
ffiffiffiffiffiffiffi
pH

p
ð17Þ
where n1 and n2 are the particle number densities, and d is the effective collision diameter. g0 is a
function of the solid volume fraction e in the flow:
g0ðesÞ ¼ 1

"
� es

esmax

� �1=3
#�1

ð18Þ
For particles with the same diameter d, Eq. (17) becomes:
Nc ¼ 4
ffiffiffi
p

p
n2d2g0

ffiffiffiffi
H

p
ð19Þ
As pointed by Sommerfeld (1994) and Fohanno and Oesterle (2000), these collision models need
validation by direct measurements in suspension flow in which particle collisions are prevailing.
However, no experimental data from real gas-particle two-phase flows is available. The current
project seeks obtaining experimental data to test these models. In real experimental tests, a single
moving particle cannot be easily tracked and the collision frequency is even more difficult to
measure. Therefore, the tests in this stage sought to investigate the total collision number per unit
time per unit volume, Nc. Considering an investigation volume in the flow field, the total inter-
particle collision number in the volume DV during time interval Dt can be measured as C.
Therefore,
Nc ¼
C

DV Dt
ð20Þ
In the present research, an experimental rig was designed, which could be used to specially per-
form the collision process and then record sequential images by a high-speed camera. The images
were processed by Particle Tracking Velocimeter (PTV) algorithms to identify the particle
velocities. The experimental results were then used to validate the theoretical collision rate models
given by Eqs. (13) and (19).
3. Experimental setup and methods

3.1. Experimental setup

The collision rate was measured in an experimental rig that was based on Fohanno and Oes-
terle’s (2000) experimental setup. The experimental system illustrated in Fig. 3 includes three
parts: a particle feeder with a vertical duct, a vertical duct with a convergent particle outlet and a
rectangular cross-section larger than that used in the particle feeder, and a photographic equip-
ment. The same flow configuration conceived by Fohanno and Oesterle’s (2000) was utilized to
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Fig. 3. Experimental setup of the visualization of interparticle collisions.
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create a collisional flow, but the photographic technology and image processing methods were
different.
The flow was chosen so that the effect of the particle collisions would be significant. The flow

geometry was a vertical convergent channel with a rectangular cross-section. The channel was
made of glass to enable the optical flow measurements. The duct dimensions are given in Fig. 4.
The particle feeder was located above the top section of the duct and could be moved up and
down to change the particle velocities into the collision region. The feeder was a container where
particles were stored before being released into the channel through a rectangular movable steel
Fig. 4. Duct geometry: (a) photograph and (b) schematic dimensions.
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plate. The particle inlet was made as a very thin and long gap in order to confine the flow as two-
dimensional phenomenon.
The particles initially fell from the feeder without any collisions between them or with the walls

under the sole effect of gravity, the surrounding fluid (air) being initially at rest. During their free
fall, the particles accelerated a velocity of about 3.5 m/s. Some particles then reached the con-
vergent section having two sidewalls inclined at 45� with the vertical, which caused numerous
particle–wall collisions. Trajectories of colliding particles were then modified and the resulting
crossing of the oblique trajectories with those of particles, which were still falling vertically,
resulting in collisions between particles. The collisions were then visualized using a high-speed
camera.
The main difference between our setup and that of Fohanno and Oesterle (2000) was the optical

visualization method. They used a regular film camera to record still photographs that were
analyzed using particle streak velocimetry (PSV), with a halogen spotlight to illuminate the
channel. The current experiments used a high-power laser sheet as an illumination device, a high-
speed CCD camera as image recorder, as well as PTV technique used for the image analysis. The
laser was an Argon Ion Laser Continuous Beam System (BEAMLOK 2080-25S, Spectra-Physics
Ltd.). The high-speed camera had a maximum speed of 10,000 fps (FASTCAM Super 10 K,
Photron Ltd.) to record the images of the particle collisions. The camera speed was normally 2000
fps with an exposure of 1/2000 s and a laser power of 25 W for particle velocities of less than 4 m/s
in the collision region and particle fractions of about 0.015.
Various experimental parameters were varied in the tests. The particle velocity was varied by

changing the height of the particle feeder. The particle concentration, n, was varied by changing
the particle inlet section. The particle diameter distribution was uniform with dp ¼ 1:8 mm.
The objective of the investigation was to analyze the effect of particle size, concentration and

average relative velocities on the collision rate between particles. Therefore, the test section sought
to reduce the effects of other phenomena such as fluid turbulence and wall roughness, whose
effects might result in uncertainties, which would make it difficult to emphasize on the interparticle
collisions. Thereby, the tests used relatively large spherical particles with sufficiently high inertia
for the influence of turbulence to be negligible.

3.2. Image processing method

The collision rate is a function of the particle diameter, concentration and relative velocities
between particles. The particle diameter was directly measured as 1.8 mm. All the effective
sequential images obtained last nearly 10 s, among which every 1000 sequential images were
grouped to stand for one definite average data such as particle number density, relative velocity
and collision rate. So the time interval Dt is 0.4995 s. The methods for obtaining the other
parameters are described in the following sections.

3.2.1. Collision number
Determination of the number of collisions was the most difficult part of the experiment, since

there are no ready-made algorithms to count collisions. A manual count of the collision was
chosen as the most accurate method. The imaging software, ACDSee (ACD Systems Ltd, version
4.0) was used to show the particle motion process, and could easily display sequential images at



Fig. 5. Particle collision process.
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various speeds. Fig. 5 shows a typical particle collision process, emphasized by the dashed circle in
each image. The error was reduced by repeating the count several times until similar results were
obtained for different counts.
3.2.2. Particle concentration
The particle concentration is the particle number per unit volume, which defined as n ¼ Np=DV ,

where Np is the number of particles in the investigation volume DV . An algorithm was developed
to count the particles since a manual count would be too tedious. In the PTV technique, the first
image-processing step is particle recognition (Raffel et al., 1998). An automatic threshold selection
method (Otsu, 1980) was used to recognize the particles in the images. Fig. 6(b) shows the result of
the particle recognition process for the image on the left. Fig. 6 shows that most particles in the
visualized region were identified.
The visualized volume is based on the frontal area and the depth. The frontal area was mea-

sured using graph paper to get the size represented by each pixel in the images. The frontal area of
the visualized volume was found to be S ¼ 18� 10�3 � 8:5� 10�3 m2¼ 1.53· 10�4 m2.
The depth of the visualized volume could be measured directly by measuring the width of the

laser sheet, which would be the depth of the visualized volume. But, the particles in the experiment
were made of glass, which reflects light in all direction. Therefore, particles near the laser sheet
would also be visible, so the real depth of the visualized volume was larger than the laser sheet
width. A more accurate method was developed to measure the visualized volume depth. In the
experimental setup shown in Fig. 7, a sloping surface with known incidence a was placed inside
the test section with laser sheet entering from the side face, some of the particles used in the
experiments were released from the top of the slope. Their movement from top to bottom was
Fig. 6. Particle recognition for PTV technique: (a) original image, (b) recognition result.



Fig. 7. Schematic diagram of method to measure laser sheet depth.

Fig. 8. Images for volume depth measurement (upper image shows particle entering the volume while the lower image

shows the particle leaving the volume).
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then recorded using a high-speed camera. The positions of the particles entering and leaving the
field of view was measured by analyzing sequential frames to get the height, h, shown in Fig. 7.
The visualized volume depth was then calculated from the geometry as h= tanðaÞ.
Fig. 8 shows pictures of the particles entering and leaving the field of view at a camera speed

2000 fps. The image size was 256 pixel· 120 pixel with a corresponding real size of 36 mm · 17
mm. For the left particle in the images, the start position was (135,14) (pixels) while the final
position was (122,96) (pixels). Therefore, h ¼ ð96� 14Þ � 17=120 ¼ 11:6 mm with a incidence
a ¼ 53:75�, the volume depth was w ¼ h= tanðaÞ ¼ 8:5 mm, so the visualized volume DV ¼
1:3� 10�6 m3.
3.3. Relative velocity

The relative velocities between particles appearing in all images were calculated by measuring
each particle’s velocity using PTV technique. Various PTV algorithms, BICC (Yamamoto et al.,



Fig. 9. Comparison of particle velocities calculated by different PTV algorithms.
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1996), SpringModel (Okamoto et al., 1995) and 4-Frame PTV (Nishino and Torii, 1989) were
evaluated with typical results given in Fig. 9. The automatic threshold selection method (Otsu,
1980) was used for the particle recognition in each image. Typical results from the automatic
thresholds selection method are compared with a manual count in Table 1. The method for
recognizing the particles in each image was always in good agreement with manual counts.
The results in Fig. 9 show that the SpringModel algorithm is better than the BICC and

4-Frame PTV methods, since it produces less spurious vectors. Table 2 compares the results
from these algorithms and using manual pairing. The SpringModel had 82% accuracy. There-
fore, SpringModel was used to pair the particles in the images to calculate the vectors for each
particle.
Table 1

Comparison of a manual count and the automatic threshold selection method for particle recognition in a image

Manual method Automatic threshold selection method

Particles recognized 16 15



Table 2

Comparison between manual method and three PTV algorithms for pairing particles in two sequential images

Manual BICC SpringModel 4-Frame

Total vectors 16 12 13 12

Exact vectors 11 13 11

Spurious vectors 1 0 1

Accuracy 69% 82% 69%
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The relative particle velocities were based on the environmental particle concept in Eq. (11) and
were calculated from the velocities of each particle in the volume. The velocity V0 in Eq. (11) was
calculated by averaging the velocity of the particles around the particle under consideration.
Then, Eq. (11) was rewritten as:
vr ¼
1

Np

XNp

i¼1

1

Np � 1

XNp

j¼1
j6¼1

j vi!

0
BBBB@ � vj

!j

1
CCCCA ð21Þ
Considering the difficulty in measuring three-dimensional velocity, we confined this experiments
and analysis into a two-dimensional condition under the assumption that particles only moved in
the investigation plane without the third velocity component in the spanwise direction affecting
the particle collisions. And the experimental configuration was made to support this to some
degree. The flow is two-dimensional at the beginning as the particles fall from the particle feeder.
However, when the particles enter the convergent region, the third velocity component is no
longer negligible, because the particles are not ideal spheres and the glass is not absolutely
smooth. Further precise measurements are needed to make a three-dimensional analysis.
4. Experimental results and analysis

The theoretical expressions for particle collision rate, i.e. Eqs. (13) and (19), in gas-particle two-
phase flow were validated by experimental data. The particle number density n, average relative
velocity vr, granular temperature H, particle diameter d and the total collision number C in the
investigation volume DV and time interval Dt were measured directly. The experimental collision
rate Nc is obtained by Eq. (20). Then they can be compared with the theoretical values calculated
by Eqs. (13) and (19), and used to validate the theoretical expressions.

4.1. Effect of particle concentration and relative speed on collision rate

One class of particles with the diameter around 1.8 mm were used in the experiment, and the
particle number density in the experiment was around 5 · 106/m3 with the volume fraction around
0.015. The average relative velocity was around 1.4 m/s. The camera speed was 2000 fps with the
investigation area of 18 mm · 8.5 mm. Every 1000 sequential images were grouped to stand for
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one definite average data such as particle number density, relative velocity and collision rate, so
the time interval Dt is 0.4995 s.
Fig. 10 compares the experimental results of collision rate with the prediction of Eq. (13) with

a ¼ 1. The results are obviously different in that the values of Eq. (13) are much higher than those
of experimental results. Keeping the particle diameter constant, the collision rate calculated by
Eq. (13) is proportional to n2vr. While the experimentally determined collision rate is far from
proportional to it. The least square fit by the function y ¼ axb shows that experimental collision
rate is proportional to ðn2vrÞ0:547 in the investigation range of 1:96� 10136 n2vr6 5:62� 1013.
Therefore, the expression obtained from kinetic theory does not accurately predict the collision
rate in real gas-particle two-phase flow on a millisecond time scale and a millimeter space scale,
i.e. the particle scale (1.8 mm in diameter).
If we assume that collision rate is proportional to average relative velocity, we can find the

relation between collision rate and particle number density by least square fit. In the experiment
the average relative velocities were keep nearly steady around a value of 1.4 m/s with only very
small varieties. For more accurate data fit, each data of collision rate was divided by the relevant
average relative velocity, and the function of Nc

vr
with particle number density n is fit according to

the function form y ¼ axb, which is shown in Fig. 11. This function is fit as:
Nc

vr
¼ 0:842n1:15 ð22Þ
Therefore, the collision rate can be expressed as:
Nc ¼ 0:842n1:15vr ð23Þ
Considering the fixed particle diameter d ¼ 1:8 mm, the general expression of collision rate can be
rewritten in the form as Eq. (13) as:
Nc ¼ 2:60� 105d2n1:15vr ð24Þ
It is shown that the experimental expression of collision rate is proportional to n1:15, instead of n2

as given by theoretical derivation. This result is reliable in the experimental condition with particle
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Fig. 10. Comparison of the collision rate determined experimentally with Eq. (13) with a ¼ 1.
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number density in the order of 106. And experimental data in more wide range of parameters is
needed for confirmation. The experimental and theoretical expressions of collision rate are
compared in Fig. 12. It is shown that collision rate of theoretical estimation is much higher than
experimental curve when particle number density is higher than 1.27 · 106 and lower than
experimental curve when particle number density is lower than this value. It means that at high
particle concentration theoretical expression much overestimates the interparticle collision rate.
For this big difference between theoretical and experimental expressions, several reasons in the

following may be responsible:

(1) The derivation of Eq. (13) is based on the kinetic theory of gases, especially, that the relative
velocities between all the particles are nearly constant during the time interval Dt and particle i
can collide with all other particles in the collision cylinder pd2jvr!jDt as shown in Fig. (2). But
in the real conditions, the relative velocities and particle positions change dramatically when
one particle collides with another particle. Therefore, during the time interval Dt, the relative
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Fig. 12. Comparison of collision rate determined theoretically and experimentally.
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velocities are not constant and particle i cannot collide with all particles in the collision cyl-
inder for most cases. This assumption can cause the theoretical expression overestimate the
collision rate in real particulate system. Eq. (13) may give more accurate results when the time
step Dt is very small.

(2) Measurement errors may lead to some discrepancies between our results and those based on
kinetic theory. In these tests, five parameters were measured, i.e. particle diameter, particle
numbers in the images of investigation area, the visualized investigation volume, the total col-
lision numbers and average relative velocities. Among these parameters, the last one, i.e. the
relative velocity, was most difficult to accurately measure, since the flow is three-dimensional
rather than two-dimensional. This analysis neglected the third velocity component parallel to
the CCD lens, which should be very small. Additional measurements were taken with the ver-
tical channel turned 90� and the CCD camera recording the particle motion in the third direc-
tion. The velocities ranged from 0 to 0.2 m/s, which is less than the other two velocity
components in the plane of the laser sheet (about 4 m/s). Even this third velocity component
is considered in the collision rate, the conclusion is still essentially the same, since there is a
large difference between the experimental results for the collision rate and Eq. (13).

(3) The collision rate is shown not to be proportional to the square of the particle number density.
But this experimental result still needs confirmation by more precise measurements in wider
parameter range in the next stage.
4.2. Effect of granular temperature on collision rate

In our measurements, the granular temperature given by Eq. (16) can be written as:
H ¼ 1

3Np

XNp

i¼1
j vi!�~uj2 ð25Þ
where vi
! is the instantaneous velocity of particle i and ~u is the mean velocity:
~u ¼ 1

Np

XNp

i¼1
vi
! ð26Þ
The comparison of collision rate determined experimentally and theoretically by Eq. (19) is shown
in Fig. 13. Similarly, the collision rate of theoretical estimation by Eq. (19) is obviously much
higher than that determined experimentally. The theoretical estimation by Eq. (19) also much
overestimates the collision rate in real particulate system.

4.3. Error analysis of three-dimensional flow

As pointed before, even if we initially had a strictly two-dimensional flow configuration at the
upper part of the duct, collisions between particles always would remain a three-dimensional
phenomenon. Especially in the collision region, the effect of the velocity normal to the plane of
visualization is not negligible. But it is very difficult to make three-dimensional measurements in
such a collisional flow by PTV technique. However an estimation of this error is significant.
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Fig. 13. Comparison of collision rate determined experimentally and by Eq. (19).
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The CCD camera was transferred 90� to measure the third-dimensional velocity. It gave a
rough estimation that the magnitude of the third-dimensional velocity was nearly 10–20% of that
of the velocity in the investigation plane. On the other hand, because the flow configuration in this
experiment was the same with that used by Fohanno and Oesterle’s (2000) and the experimental
conditions were similar, we can refer to the data supplied by them. Their measurement data
showed that the velocity magnitude in the plane of visualization decreased 14% when progressing
downwards the channel. The momentum transfer towards the normal direction by particle col-
lisions was believed to contribute to this. So we can estimate that the magnitude of the velocity
normal to the visualized plane is fewer than 20% of that in the plane. As for the relative velocity,
this estimation is also credible. Considering that the big difference between the theoretical and
experimental collision rate, we are sure that the qualitative collusion still holds, i.e. the theoretical
expressions overestimate the collision rate. However, the fit expression from experimental data
maybe relatively rough. More precise measurements are needed in the future work to obtain
accurate collision models.
5. Conclusions

A high-speed CCD camera and advanced PTV algorithms were used to experimentally inves-
tigate interparticle collisions, especially the collision rate, on a millisecond time scale and a mil-
limeter space scale, which is the particle size. The tests studied the relationship between
interparticle collision rate, particle number density and average relative velocity, and compared
the collision rate determined experimentally with that calculated by the expressions based on
kinetic theory of gases. The experimentally determined collision rate was found to be much lower
than predicted by the theoretical calculation, which means that the theoretical expressions
overestimate the collision rate. Analysis of the experimental data led to a new correlation for more
accurately predicting the collision rate for use in numerical simulations and theoretical analyses of
gas–solid flows.
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Finally, since the experimentally determined correlations of the collision rate for gas-particle
two-phase flows differ greatly from the commonly used correlations based on kinetic theory, more
experimental data are needed for further validation of the present conclusions in a full range of
conditions to completely understand this problem.
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