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SUMMARY

This paper describes an experimental facility to measure time-averaged properties of particle-wall collisions. A
particle tracking velocimetry (PTV) system measures particle rebound angles and velocities and impact angles
and velocities for specific particles. From these measured properties, values of normal and tangential coefficient
of restitution are derived. The PTV system rapidly measures thousands of particle-wall collisions enabling deter-
mination of time-averaged properties. In this initial work, we use 191 pm glass particles colliding with a glass
plate at a fixed angle of 17.5° and a velocity of 17.07 m/s. Observations are also made of aspherical particles
colliding with gross sliding. In the future, this experimental system will be used with particles and wall materials
of industrial significance.

INTRODUCTION

Particle-wall collisions play an important role in many industrial systems. Some examples are particle deposition
in combustion systems, erosion of turbine blades in jet engines by airbome particulates, fluidization for chemical
processing, and the pneumatic transport of particles from one location to another.

Computer simulation of particulate flows is a powerful design tool for these systems. Whether the computer
simulations track individual particles or treat the particle phase as a continuum, the manner in which the collisions
are described greatly influences the flow predictions [1,2]. The goal of this project is to provide the empirical data
for particle-wall collisions needed to enhance the predictions of computer simulations. What is required are time-
averaged properties of particle rebound angles and velocities as a function of impact angle and velocity for a wide
range of particle and wall materials. This work is concerned with particles driven primarily by inertia and drag:
particle sizes in the range of 10 - 500 pm and velocities on the order of 10 m/s or higher.

In the past, descriptions of particle-wall collisions were limited to data for normal coefficient of restitution [3].
This was a simple measurement of the ratio of rebound and impact velocities normal to a wall. However, in actual
industrial systems, particle-wall collisions are much more complex than described by the normal coefficient of
restitution. Particles usually impact at angles other than normal to a wall. The tangential coefficient of restitution
(ratio of rebound to impact velocity tangential to a wall) may not be the same as the normal coefficient of
restitution. For rough walls or aspherical particles, rebound angles and velocities may vary considerably for a
given impact velocity and angle, i.e., the rebound scattering is diffuse rather than specular.

Recently, a few efforts have produced data more descriptive of particle-wall collisions. Tabakoff et al. [4] used
laser doppler velocimetry (LDV) to make point measurements of two components of particle velocity near a wall.




While LDV quickly generates large numbers of data, it cannot follow the same particle before and after a colli-
sion. More recently Foerster et al. [5] measured particle trajectories before and after a collision. Their system is
also capable of measuring particle spin for large (3.18 and 5.99 mm) particles. However, it is yet to produce large
numbers of measurements for determination of time-averaged properties.

In this paper, we describe an experiment that measures the parameters required for input into computer simula-
tions: time-averaged values of rebound angle and velocity as a function of impact angle, impact velocity, particle
type, and wall material. The experimental system was developed in the Flow Analysis Facility of the Department
of Energy’s Pittsburgh Energy Technology Center by Shaffer et al. [6,7]. A particle tracking velocimetry (PTV)
system measures the trajectory of a particle, and velocity along the trajectory, for a single particle before and after
collision. With the PTV system, a pulsed laser produces a multiple-exposure picture of a particle along its
trajectory. By measuring the displacement of successive particle images, the particle trajectory and velocity along
a trajectory are determined — including a particle’s trajectory before and after collision with a wall. The system
is capable of measuring thousands of trajectories in a few hours allowing determination of time-averaged proper-
ties.

The particle-wall collisions are setup in a wind tunnel providing a collision field with accurately controlled condi-
tions. The particles arrive at a constant velocity and, within the measurement region, their trajectories are affected
only by collision with a wall. The collision rate is high enough to measure large numbers of collisions within
reasonably short times.

For the initial tests described in this paper, the independent experimental parameters (wall material, particle type,
impact velocity and impact angle) are not varied. Rather, ideal materials, 191 pum glass spheres and a smooth
glass plate, are used. The impact velocity and angle are fixed at 17.07 m/s and 17.5°. In future experiments, data
will be gathered for a variety of wall materials, particle types, 1mpact velocities, and impact angles of industrial

significance.

EXPERIMENTAL

Figure 1 (on the following page) shows the configuration of the experimental equipment. In the test section of the
wind tunnel, glass particles are brought into collision at the center of a smooth glass plate. The particles are
injected at a constant velocity by pneumatic transport through a 6 mm tube. The injection tube is placed 10 cm
above the glass plate and is tilted downward about 20°. Particles are fed into the pneumatic transport line at a
steady rate using a feed regulator and a screwfeeder in series. To ensure that particles reach a constant velocity
before collision, the particle injection point is far upstream, more than 200 tube diameters, of the injection point.

The glass particles have a mean size of 191 um and are
sieved to a size range from 175 to 208 um. The particle
density is 2.47 g/cc. Most of the particles, approximately
95%, appear to be nearly perfect spheres. However, up to
about 5% of the particles are defective, appearing either
elliptical or as fragmented pieces of glass. Figure 2 shows
a microphotograph of the glass spheres at a magnification
of 5X.

The dimensions of the glass plate are 0.275 m x 0.275 m
-with a thickness of 3 mm. Support posts are placed at the
corners of the plate. The size of the plate and the distance
of the support posts from the impact point are sufficient
to ensure that the collisions are independent of the finite
plate dimensions. This was verified based on the criteria
given by Sondergaard et al. [8].

Fxgure 2. Microphotograph of glass pamcles
at a magnification of 5X.
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Figure 1. Schematic of experimental system.

To minimize acrodynamic drag on the particles, the air velocity in the wind tunnel was set to minimize slip velocity
between the particles and air. This was verified using a two-component laser doppler velocimeter (LDV) to
measure air and particle velocities. The maximum slip velocity between the air and particles was verified to be
less than 1.3 m/s within the region where particle collisions are measured. This gives a Stokes number of 500
(based on the particle response time of 0.13 s and a particle transit time through the measurement region of 300-
400 ps) ensuring that the particle response to drag is negligible.

Since particle spin is not measured with the PTV system, it is also important to ensure that particle spin doesn’t
influence the measurements. Observations of some of the aspherical particles, for which rotation can be seen,
indicates that particle spin is low, less than 1000 rpm. Even if the particles were spinning at very high rotation
speeds, for example more than 10,000 rpm, the actual speed of the particle surface (the product angular velocity
and particle radius) due to rotation is less than 1% of the linear velocity of the particle. Therefore, particle spin is
assumed to have a negligible effect on the measured collision parameters. For larger particles and slower veloci-
ties, such as those used by Foerster et al. [5], (3.18 and 5.99 mm at <2 m/s), lower particle spin can have a
significant effect on the collisions parameters.

The beam from an acousto-optically modulated 7W argon laser is transmitted through a series of cylindrical
lenses to form a thin (1 mm) sheet of pulsed laser light. The beam is directed upward through the base of the test
section in the wind tunnel and through the glass plate to illuminate the particle-wall collisions. The pulse repeti-
tion rate was set at 25 KHz with a pulse duration of 5 ps. -




As particles pass through the light sheet they scatter light into a high-resolution (1024 x 1024 pixel) video camera
positioned at a right angle to the laser sheet. This produces a multiple exposure picture showing a series of images
of a particle along its trajectory. Figure 3 shows an example picture of a particle colliding with the glass plate.
The field-of-view size for these measurements was 28.38 x 21.57 mm. The PTV pictures are digitized at 30
pictures/second with 8-bit (256 levels) gray scale resolution into a SUN 670 computer with an ANDROX parallel
image processor. Only a 2.69 mm region of the PTV picture near the wall (as shown in Figure 3) is permanently
stored. Particle images are detectable within one particle image diameter of the plate surface.

Figure 3. Typical particle-wall collision. A black line is added to show the location of the glass plate.

-~ t

Lighting conditions are set so that the raw digital pictures have a uniform background gray level. This was’
accomplished by increasing the camera black level far above the background level. With a uniform background,
the image compression efficiency is better than 95%; this is necessary to economically store potentially millions of
images.

Software has been developed at PETC to automatically analyze multiple-exposure pictures of particle trajectories
[9,10]. The first step in the image analysis is recognition of particle images and calculation of image centroids.
The next step is to recognize groups of centroids as belonging to an impact or rebound trajectory. This is achieved
using an iterative Kalman filtering algorithm with a likelihood function based on knowledge of the number of
particle images along a trajectory. Next, the impact and rebound trajectories are extrapolated to their intersection
points with the glass plate. If the plate intersection points of a pair of impact and rebound trajectories are close
within an adjustable tolerance they are assumed to be from the same particle. For this work the tolerance was set
at two particle diameters. The tight tolerance restricts the data to particles with instantaneous contacts with the
plate; particles that slide or roll upon contact are automatically excluded. Figure 4 shows an example of gross
sliding upon contact. This occurs only for a small fraction of the particle-wall collisions. The last step in the
analysis process involves calculation of angles, velocities, and restitution coefficients. The entire image acquisi-
tion and analysis process takes on the order of one second per picture. This enables rapid analysis of thousands of
trajectories required for statistical convergence. ‘
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Figure 4. Picture of a particle collision involving visible sliding.




The experimental uncertainties in collision parameters (velocity, angle, and restitution coefficients) arise from two
_factors: uncertainties in the basic measurements of distance with the imaging system and uncertainties in the
timing of laser pulses. The digital pulse generator used in this experiment has one nanosecond resolution, making
the timing uncertainty negligible. The uncertainty in distance are mainly due to the pixel resolution of the imaging
system and the resolution of the scale used to calibrate the imaging system. For this PTV system and experimental
conditions, the total uncertainty in distance measurement is + 31 pm. This translates into an uncertainty of +0.21
m/s in velocity, +0.6° in angle, +5% in normal restitution coefficient and +2% in tangential coefficient of restitu-
tion.

RESULTS AND DISCUSSION :

In this paper, we described an experimental facility to measure time-averaged properties of particle-wall colli-
sions. A particle tracking velocimetry (PTV) system measures particle rebound angles and velocities and impact
angles and velocities for specific particles. From these measured properties, values of normal and tangential
coefficient of restitution are derived. The PTV system rapidly measures thousands of particle-wall collisions,
enabling determination of time-averaged properties.

Figures 5 and 6 show the distributions of rebound angles and rebound velocities for the 191 um glass particles
colliding with the glass plate. The impact angle was 17.5° + 0.6° and the impact velocity was 17.07 + 0.21 m/s.
The mean rebound angle was 17.94° +0.6°with a standard deviation of 1.84° and the mean rebound velocity was
16.10 +0.21 m/s with a standard deviation of 1.21 m/s.
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Figure §. Histogram of rebound angle. Figure 6. Histogram of rebound velocity.

Figures 7 and 8 show the distributions of normal and tangential coefficient of restitution. Since the coefficient of
restitution data is derived from ratios of impact and rebound angles, the values can only be properly derived by
tracking the same particle before and after collision. Other techniques such as LDV do not follow the same
particle before and after collision and thus cannot give true values of coefficient of restitution. The mean value for
tangential and normal coefficient of restitution are 0.94 +0.018 and 0.97 +0.05, respectively. The standard
deviations for tangential and normal coefficient of restitution are 0.02 and 0.07, respectively.

The data in Figures 5 through 8 is derived for measurement of 2265 particle wall collisions. To the knowledge of
the authors, this is the first measurement of a large enough number of particle-wall collisions to determine time-
averaged properties by following each particle before and after collision.

During the experiments, occasional rolling or sliding of particles upon collision with the glass plate was observed.
We believe this behavior happens only with the small fraction of the glass particles that are non-spherical. The
non-sphericity of the particle images for sliding trajectories confirms this.
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In the future this experimental system will be used with particles and wall materials of industrial significance.
Eventually a data bank will be produced for a wide range of particle types, wall materials and flow conditions.
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SUMMARY

The properties of particle-wall collisions were measured using a particle image tracking velocimetry (PTV)
system capable of rapidly measuring thousands of particle-wall collisions. The measured properties are
rebound angles and velocities and incidence angles and velocities for a specific particle. From these mea-
sured properties the time-averaged coefficients of restitution and friction, both normal and tangential, are
derived. In this initial work we use 191 pm glass particles colliding with a glass plate at a mean angle of
17.5° and a mean velocity of 17.07 m/s. Values of 0.97, 0.94 and 0.027 were found for normal and tangen-
tial coefficient of restitution and coefficient of friction, respectively. This experimental system is also being
used with other particles and wall materials of industrial significance.

INTRODUCTION

Particle-wall collisions play an important role in many industrial systems. Some examples are particle
deposition in combustion systems, erosion of turbine blades in jet engines by airborne particulates, fluidi-
zation for chemical processing, and the pneumatic transport of particles from one location to another.

Computer simulation of particulate flows is a powerful design tool for these systems. Whether the com-
puter simulations track individual particles or treat the particle phase as a continuum, the manner in which
the collisions are described greatly influences the flow predictions [1,2]. The goal of this project is to
provide the empirical data for particle-wall collisions needed to enhance the predictions of computer simu-
lations. What is required are time-averaged properties of particle rebound angles and velocities as a func-
tion of incidence angle and velocity for a wide range of particle and wall materials.

In the past, descriptions of particle-wall collisions were limited to data for normal coefficient of restitution
[3]. This was a simple measurement of the ratio of rebound and incidence velocities normal to a wall.
However, in actual industrial systems, particle-wall collisions are much more complex than described by the
normal coefficient of restitution. The tangential coefficient of restitution (ratio of rebound to incidence
velocity tangential to a wall) may not be the same as the normal coefficient of restitution. For rough walls
or aspherical particles, rebound angles and velocities may vary considerably for a given incidence velocity
and angle, i.e., the rebound scattering is diffuse rather than specular.

Tabakoff et al. [4] used laser Doppler velocimetry (LDV) to make point measurements of two components
‘of particle velocity near a wall. While LDV quickly generates a large quantity of data, it cannot follow the
same particle before and after a collision. Unless the incidence angle and velocity are confined to a narrow
range, LDV cannot provide an accurate measure of coefficients of restitution and friction. More recently
Foerster et al. [5] measured particle trajectories before and after a collision using frame-to-frame video
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tracking. Their system is capable of releasing particles without spin and is more suitable for large particles
(> 1 mm) and low velocities (< 2 m/s). However, it is yet to produce large numbers of measurements for
determination of time-averaged properties. In 1988 and 1989, Shaffer and Ramer [6,7] described a PTV
system for measurement of particle-wall collisions. The PTV technique generates true values of coefficient
of restitution since it tracks a specific particle before and after a collision. Recently, Sommerfeld presented
measurements of large quantities of particle-wall collisions with rough surfaces using a PTV system [8].

In this paper, we describe an experiment that quickly measures the particle-wall collision parameters re-
quired for input into computer simulations: time-averaged values of rebound angle and velocity as a func-
tion of incidence angle, incidence velocity, particle type, and wall material. The experimental system was
developed in the Flow Analysis Facility of the Department of Energy’s Pittsburgh Energy Technology Cen-
ter by Shaffer et al. [6,7]. A particle tracking velocimetry (PTV) system measures the trajectory of a
particle, and velocity along the trajectory, for a single particle before and after collision. With the PTV
system, a pulsed laser produces a multiple-exposure picture of a particle along its trajectory. By measuring
the displacement of successive particle images the particle trajectory and velocity along a trajectory are
determined — including a particle’s trajectory before and after collision with a wall. The system is capable
of measuring thousands of trajectories in a few hours allowing determination of time-averaged properties.

The particle-wall collisions are setup in a wind tunnel providing a collision field with accurately contro]led
conditions. The particles arrive at a constant velocity and, within the measurement region, their trajectories
are affected only by collision with a wall. The collision rate is high enough to measure large numbers of
collisions within reasonably short times.

For the initial tests described in this paper, the independent experimental parameters (wall material, particle
type, incidence velocity and incidence angle) are not varied. Rather, ideal materials, 175-208 um glass
spheres and a smooth glass plate, are used. The incidence velocity and angle are about 17 m/s and 17.5°.
Experiments are now underway to gather data for wall materials, particle types, incidence velocities and
incidence angles of industrial significance. '

EXPERIMENTAL PROCEDURE

Figure 1 shows the configuration of the experimental equipment. In the test section of the wind tunnel, glass
particles are brought into collision at the center of a smooth glass plate. The particles are driven by pneu-
matic transport through a 6 mm tube under a constant pressure of 40 psig. The injection tube is placed 10
cm above the glass plate and is tilted downward about 20°. Particles are fed into the pneumatic transport
line at a steady rate using a feed regulator and a screwfeeder in series.

The glass particles have a mean size of 191 pm and are sieved to a size range from 175 to 208 um. The
particle density is 2.47 g/cc. Most of the particles, approximately 95%, appear to be nearly perfect spheres.
However, up to about 5% of the particles are defective, appearing either elliptical or as fragmented pieces of
glass. Figure 2 shows a microphotograph of the glass spheres at a magnification of 5X.

The dimensions of the glass plate are 0.27 m x 0.27 m with a thickness of 3 mm. Support posts are placed
at the corners of the plate. The size of the plate and the distance of the support posts from the incidence
point are sufficient to ensure that the collisions are independent of the finite plate dimensions. This was
verified based on the criteria given by Sondergaard et al. [9].
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Figure 1. Schematic of experimental system.

To minimize aerodynamic drag on the particles, the air
velocity in the wind tunnel was set to minimize slip ve-
locity between the particles and air. This was verified
using a two-component laser Doppler velocimeter (LDV)
to measure air and particle velocities. The maximum
slip velocity between the air and particles was verified
to be less than 1.3 m/s within the region where particle
collisions are measured. This gives a Stokes number of
500 (based on the particle response time of 0.13 s and a
particle transit time through the measurement region of
300-400 ps) ensuring that the particle response to drag

A AT ' 3 isnegligible.
Figure 2. Microphotograph of glass particles
at a magnification of 5X.

Since particle spin is not measured with the PTV system, it is also important to ensure that particle spin does
not influence the measurements. Even if the particles were spinning at very high rotation speeds, for ex-
ample more than 10,000 rpm, the actual speed of the particle surface (the product of angular velocity and
particle radius) due to rotation is less than 1% of the linear velocity of the particle. Therefore, itis assumed
that particle spin has a negligible effect on the measured collision parameters. For larger particles and
slower velocities, such as those used by Foerster et al. [5], (3.18 and 5.99 mm at <2 m/s), particle spin can
have a significant effect on the collisions parameters.




The beam from an acousto-optically modulated 7W argon laser is transmitted through a series of cylindrical
lenses to form a thin (1 mm) sheet of pulsed laser light. The beam is directed upward through the base of the
test section in the wind tunnel and through the glass plate to illuminate the particle-wall collisions. The
pulse repetition rate was set at 25 KHz with a pulse duration of 5 ps.

As particles pass through the light sheet they scatter light into a high-resolution (1024 x 1024 pixel) video
camera positioned at a right angle to the laser sheet. This produces a multiple exposure picture showing a
series of images of a particle along its trajectory. Figure 3 shows an example picture of a particle colliding
with the glass plate. The field-of-view size for these measurements was 28.38 x 21.57 mm. The PTV
pictures are digitized at 30 pictures/second with 8-bit (256 levels) gray scale resolution into a SUN 670
computer with an ANDROX parallel image processor. Only a 2.69 mm region of the PTV picture near the
wall (as shown in Figure 3) is permanently stored. Particle images are detectable within one particle image
diameter of the plate surface.

Figure 3. Typical particle wall collision. A black line is added to show the location of the glass plate.

Lighting conditions are set so that the raw digital pictures have a uniform background gray level. This was
accomplished by increasing the camera black level far above the background level. With a uniform back-
ground, the image compression efficiency is better than 95%; this is necessary to economically store thou-
sands of images.

Software has been developed at PETC to automatically analyze multiple-exposure pictures of particle tra-
jectories [10,11]. The first step in the image analysis is recognition of particle images and calculation of
image centroids. The next step is to recognize groups of centroids as belonging to an incidence or rebound
trajectory. This is achieved using an iterative Kalman filtering algorithm with a likelihood function based on
knowledge of the number of particle images along a trajectory. Next, the incidence and rebound trajectories
are extrapolated to their intersection points with the glass plate. If the plate intersection points of a pair of
incidence and rebound trajectories are close, within an adjustable tolerance, they are assumed to be from the
same particle. For this work the tolerance was set at two particle diameters. This tight tolerance restricts
the data to particles with instantaneous contacts with the plate; particles that slide or roll upon contact are
automatically excluded. Figure 4 shows an example of visible sliding upon contact. This behavior appears
to happen only with a small fraction of the glass particles that are non-spherical. The last step in the analysis
process involves calculation of angles, velocities and restitution coefficients. This information was ex-
tracted based on the displacement of the first and fifth images closest to the wall. Therefore, the measure-
ments presented here are obtained within a 1 mm region next to the wall. The entire image acquisition and
analysis process takes on the order of one second per picture. This enables rapid analysis of thousands of
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Figure 4. Picture of a particle collision involving visible sliding.

The experimental uncertainties in collision parameters (velocity, angle, and restitution coefficients) arise
from two factors: uncertainties in the basic measurements of distance with the imaging system and uncer-
tainties in the timing of laser pulses. The digital pulse generator used in this experiment has one nanosecond
resolution making the timing uncertainty negligible. The uncertainty in distance is mainly due to the pixel
resolution of the imaging system and the resolution of the scale used to calibrate the imaging system. For
this PTV system and experimental conditions, the total uncertainty in distance measurement is + 35 pm.
This translates into an uncertainty of +0.22 m/s in velocity, +0.6° in angle, +5% in normal restitution
coefficient and +2% in tangential coefficient of restitution.

RESULTS AND DISCUSSION

Figures 5 - 8 show the dependence of the tangential and normal coefficient of restitution ( and e, respec-
tively) on incidence velocities, v;, and incidence angle, ¢;. Values for the mean, standard deviation and
experimental uncertainties for all measured and calculated parameters are given below in Table 1.

Figure 9 shows the data in terms of a non-dimensional incidence angle:,\y1 , and a non-dimensional rebound
a.ngle,\pz, proposed by Maw, Barber and Fawcett [11,12] and defined as

_20-9Y  aa g 200V

Y-V, P u2-n) v,
mean standard deviation | uncertainty

Rebound velocity, v , (m/s) 16.10 1.21 0.22
Impact velocity, v, (m/s) 17.07 1.29 - 0.22
Rebound angle, ¢, (°) 17.94° ) 1.84° 0.6°
Impact angle, ¢, (°) 17.5° 1.25° 0.6°
Normal coefficient of restitution, e 0.94 0.02 0.018
Tangential coefficient of restitution, B | 0.97 0.07 0.05
Coefficient of friction, | 0.027 0.009
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restitution versus incidence velocity. Vertical bars

show 95% confidence intervals.
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Figure 7. Normal coefficient of restitution
versus incldence velocity and incidence angle.

Figure 8. Tangential coefficient of restitution
versus incidence velocity and incidence angle.
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[ In these equations, v is Poisson’s ratio, which is 0.22
125
[ for glass beads, V,, is the incidence tangentlal veloc-
ity, V., is the rebound tangentlal velocity, V., is the
incidence normal velocity, V,, is the rebound nor-
mal velocity, and | is a coefficient of friction for col-

lisions. To calculate the coefficient of friction, |, the

100

75§

Ve F following equation is used:
50
V=V
sk (1+e) (1+%c2)
P 20 a0 B B0 0 ime 4o This equation is valid for the slip regime [11,12] where
25 2 - W ¥, > 4%. For this expenment %=0.153, where y isa

non-dJmensmnal parameter given by,
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Figure 9. Non-dimenslonal incidence angle xX= 72—y
versus non-dimensional rebound angle.

with k2 being the radius of gyration which is 2/5 for homogeneous spheres. Using the equations above gives
a mean value of 0.027 for p with a standard deviation of 0.009.

The values in Table 1 and the data in Figures 5-9 show that, within the narrow range of incidence angles
and velocities for this experiment, € and [ are independent of ¢; and v;. Data presented in Goldsmith [3]
show that e varies with v; only for low velocities, vi<1 m/s, where e decreases with v;. Itis also obvious
that the collisions are specular, as expected for spherical glass particles colliding with a smooth glass plate.

This experimental system is now being used with particles and wall materials of industrial significance.
Eventually a data bank will be produced for a wide range of particle types, wall materials and flow condi-
tions.
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ABSTRACT

The properties of particle-wall collisions measured using a
particle tracking velocimetry (PTV) system and a laser Doppler
velocimeter (LDV) are compared. The measured parameters are
rebound angles and velocities and approach angles and velocities.
From these measured parameters, normal coefficients of restitution
(), the ratio of the tangential approach to tangential rebound
velocities (B) and the ratio of rebound to approach angle ( @,9,)
are derived, In this study, 191 pum spherical glass particles were
collided with a smooth glass plate with a narrow range of approach
angle around a mean value of 50° (with respect to the glass plate)
and with a narrow range of approach velocity around a mean value
of about 18 m/s. Despite differences in the way @,/@,, ¢, and f are
calculated for LDV and PTV, both PTV and LDV measurements
led to almost identical resuits. The experimental uncertainty in
velocity for both techniques was less than three percent.

NOMENCLATURE

v Velocity vector (m/s)

u Axial component of velocity (m/s)

v normal component of velocity (m/s)

B The ratio of the tangential approach to the
tangential rebound velocities

e Normal coefficient of restitution

@i Approach angle (degree)

o Rebound angle (degree)

INTRODUCTION

Particle-wall collisions are encountered in many industrial
systems such as particle deposition in combustion systems,
erosion of turbine blades in jet engines by airborne particulate,
fluidization for chemical processing, and the pneumatic transport
of particles from one location to another.

To predict the behavior of particulate flow systems using either
Lagrangian or Eulerian models, one peeds to understand the
physics of collisions between particles and the boundary walls and
between particles themselves. Specifically, the changes in the
tangential and the normal components of velocity upon collision
are needed.

Tabakoff and Malak (1987) have used laser Doppler velocimetry
(LDV) to measure the collisional properties of fly ash impacting
different plates made of aluminum, titanium and stainless steel.

Massah et al. (1994,1995) used a PTV system developed by
Shaffer et al. (1988) to track individual particles and to measure
their velocities before and after collision with a wall. Sommerfeld
(1993) used a similar PTV system to measure large quantities of
particle-wall collisions to characterize diffuse scattering by a rough
surface.

The purpose of this study is to compare LDV and PTV
measurements of glass spheres colliding with a glass plate. The
parameters measured include time-averaged approach angle and
velocity and time-averaged rebound angle and velocity. Of
particular interest are the restitution coefficients calculated from
these measured parameters.
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FIGURE 1. SCHEMATICS OF EXPERIMENTAL SETUP

The glass particles were sieved to a size range of 175-208 pm
and the glass plate is a piece of smooth glass sheet, 3 mm thick.
Only spherical particles with a sphericity of 95% or higher were
vsed. The particles are injected at a mean angle of 50° with respect
to the glass plate and a mean velocity of 18 m/s. The range of
approach angle and approach velocity was kept narrow with a
standard deviation of 4° and 3 m/s, respectively.

EXPERIMENTAL SETUP

The experimental system originally designed by Shaffer et al.
(1989) was used in this study. It is located in the Flow Analysis
Facility of the Department of Energy’s Pittsburgh Energy
Technology Center. Figure 1 shows the configuration of the
experimental equipment (the feeding system is not shown). In the
test section of the wind tunnel, glass particles are brought into
collision at the center of a smooth glass plate under accurately
controlled conditions. The particles are driven by pneumatic
transport through a 4 mm tube, The exit of the injection tube is
placed abouthalgovemeglmplateandisﬁlteddownwardto
an angle of about 50 with respect to the glass plate. Particles are
fed into the pneumatic transport line at a steady rate. The effect of
drag on measured properties was minimized by using a wind
tunnel sweep velocity of 4 m/s.

The glass particles have a material density of 2.47 g/cm> and a
diameter distribution of 175 to 208 um with a mean of 191 um.
The glass particles are nearly perfect spheres; aspherical particles
are removed using a proprietary technique under development at
PETC. '

The dimensions of the glass plate were 27 cm x 27 cm with a
thickness of 3 mm. Support posts were placed at the corners of the
plate. The size of the plate and the distance of the support posts
from the collision point were sufficient to ensure that the collisions
are independent of the finite plate dimensions. This was verified
based on the criteria given by Sondergaard et al. (1990).

A. PTV MEASUREMENTS

The beam from an acousto-optically modulated, 7W argon laser
is transmitted through a series of cylindrical lenses forming a thin
(1 mm) sheet of pulsed laser light. The sheet was directed parallel
to the flow upward through and normal to the glass plate. The laser
sheet was pulsed at a rate of 25 KHz , with pulse duration of 5 ps.

As particles pass through the light sheet, they scatter light into a
high-resolution (1024 x 1024 pixel) video camera positioned with
its line-of-view normal to the laser sheet. This produces a multiple-
exposure picture showing a series of images of a particle along its
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trajectory. By measuring the distance between images and knowing
the time between laser pulses, a velocity vector was derived. To
minimize the uncertainty associated with the distance, the distance
was measured between the first image and the fifth image closest to
the wall, The field-of-view size was 34.69 x 26.92 mm,

The PTV pictures are digitized at 30 pictures/second with 8-bit
(255 levels) gray-scale resolution into a SUN 670 computer with
an ANDROX pamllehmageprocusor Only a 3.42 mm region of
the PTV picture near the wall is stored permanently. Particle
magsaredetcctnblemthmonepamclclmagedmmewrofthe
plate surface.

Lighting conditions were set so that the raw digital pictures have
a uniform background gray-level. This was accomplished by
increasing the camera black-level above the background level.
With a uniform background, the image compression efficiency is
more than 95%; this is necessary to economically store thousands
of images.

Software has been developed at PETC to automatically analyze
multiple-exposure pictures of particle trajectories (Ramer and
Shaffer, 1990, and Singh et al , 1993). The first step in the image
analysis is recognition of particle images and calculation of image
centroids, The next step is to recognize groups of centroids as
belonging to an approach or rebound trajectory. This is achieved
using an iterative Kalman filtering algorithm with a likelihood
function based on apriori knowledge of the number of particle
images along a trajectory. Next, the approach and rebound
trajectories are extrapolated to their intersection points with the
glass plate, If the intersection points of a pair of approach and
rebound trajectories with the plate are close, within an adjustable
tolerance, they are assumed to be from the same particle. For this
work the tolerance was set at two particle image diameters. This
tight tolerance restricts the data to particles with instantaneous
contacts with the plate; particles that slide or roll upon contact are
automatically excluded. The last step in the analysis process
involves calculation of angles, velocities and restitution
coefficients, The angles and velocities were calculated using the
first and fifth image closest to the wall of a trajectory. This falls
within a 1.5 mm region next to the wall. The entirc image
acquisition, apalysis and storage process takes about one second
per picture. This enables rapid analysis of the thousands of
trajectories required for statistical convergence.

B. LDV MEASUREMENTS
A two-component, fiber-optic LDV was used to measure the
approach and rebound velocity componeats of the glass particles
colliding with the glass plate. The LDV system consists of a
Spectra-Physics argon laser (5W), a TSI Colorburst model 9201
coupled to a two-component, fiber-optic transmittingfreceiving
probe and a DANTEC 58N10 PDA signal processor. The LDV
probe was placed where the camera is shown in Figure 1. The rest
- of the experimental setup remained as shown in Figure 1. Data
acquisition was controlled via a 80486-DX2 computer. Table 1
lists the LDV characteristics.
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To place the LDV measuring volume very close to the glass plate,
the LDV probe was rotated 45° about its line-of-view and tilted
downward about 3° so that two of the four beams were almost
parallel to the glass plate. Figure 2a shows a schematic drawing of
the fringes in the measurement volume created by the blue and
green beams. Figures 2b and 2c show the fringes created by the
blue and green beams alone. They are perpendicular to each other
and at a 450 angle to the plate. In Figure 2, Ul and U2 are
componeats of the velocity measured by the blue and the green
beams, respectively. The normal component (v) and the tangential
component (u) of the velocity in the "plate” coordinate system
were calculated from equations (I) and (2).

v=-Ulx COS (45°) + U2 x SIN (45°) 4))
u= Ul x SIN (45%) + U2 x COS (45°) )

TABLE 1. LDV PARAMETERS

LT AN NG e TR T A

Color Green Blue
Wavelength (um) 514.5 488
Front lens focal 350 350
length (mm)
Fringe spacing (um) | 3.611 3.425
Measuring volume 163 160
diameter (jim)
Measuring volume 228 224
length (mm)
Number of stationary | 45 47
fringes

©)

Ep, ’ .
green blue

FIGURE 2. DIRECTION OF FRINGES IN THE LDV
MEASUREMENT VOLUME

Care was taken to ensure that LDV measurements covered the
same volume over which PTV measurements were made. The
LDV measurement volume was placed about 2 mm above the plate
at a location where PTV measurements were done. PTV results
are based on images within 2.5 mm above the plate and along a §
mm length of the plate. Therefore, LDV measurements were taken
at five points, 1 mm apart, over the same 5 mm length, as shown in
Figure 3. Three thousand samples were taken at each point with
LDV. The data from all five points was then combined.



@ LDV measuring point
E& PTV measurement volume

glass plate

FIGURE 3. MEASUREMENT VOLUMES OF PTV AND LDV

Figure 4 shows two typical paths that particles take. Some
particles (particle 1) collide with the plate and cross the
measurement volume on their rebound path. The vertical
component of velocity of these particles has a positive sign. Such
data were taken as rebound data ( i.e., rebound tangential and
normal velocities and angle). Other particles (particle 2) cross the
measurement volume on their approach path and then collide with
the plate, The vertical component of velocity of these particles has
a negative sign. These data were taken as approach data ( i.e.,
approach tangential and normal velocities and angles). The
measurements at the middle 3 points (points 2,3 and 4) shown in
Figure 3, resulted in almost equal number of approach and
rebound data. Point 1 contained mostly approach data and point 5
contained mostly rebound information.

\\ ®: @:

FIGURE 4. TYPICAL PATHS OF PARTICLES IN THE LDV
MEASUREMENTS

DISCUSSIONS AND RESULTS

The experimental uncertainty in PTV measurements arises from
two factors: 1) uncertainty in measuring the distance between the
centroids of images and, 2) uncertainty in the timing of laser
pulses. The digital pulse-generator used in this experiment has
nanosecond resolution making the timing uncertainty negligible.
The uncertainty in measuring the distance is limited by the pixel
resolution of the imaging system and the resolution of the scale
used to calibrate the imaging system. For the experimental
conditions of this study, the average uncertainty in measuring the
mean tangential component of velocity is 0.30 m/s and that for the
mean normal velocity is 0.23 m/s.

The uncertainty in LDV measurements is mostly due to
limitations in the resolution of the frequency bandwidth of the

signal processor. The uncertainty in measuring both the mean
tangential component of velocity and the mean normal component
of velocity is 0.155 m/s.

TABLE 2. PTV AND LDV MEASUREMENTS IN THE

PARTICLE JET

PTV LDV
V s [1897+037 |1884%0.16
u_mis |1118+030 | 1136 % 0.16
v_ms [1527+023 |1498 016
© degrees | 53.90 + 197 | 5320 + 1.20

To verify the performance of both LDV and PTV, measurements
were done with the plate removed. The rest of the experimental
conditions were as described earlier. Table 2 shows that the values
measured for the jet were the same within experimental
uncertainty. The histograms of velocity and angle are shown in
Figures 5 & 6.
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FIGURE S. HISTOGRAMS OF VELOCITIES MEASURED
FOR JET BY LDV (TOP) AND PTV (BOTTOM)
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Particle wall collision properties are often expressed in terms of
¢, B and the ratio of rebound to approach angle (y/9,). Table 3
shows that these nondimensional parameters obtained by PTV and
LDV are in good agreement.

TABLE 3. COLLISION PARAMETERS MEASURED BY PTV

AND LDV
PTV LDV
Qr/Pa .11 + 0.08 1.12 + 0.03
e 095 + 0.03 0.95 + 0.02
8 0.75 + 0.05 0.76 + 0.02

The number of data taken with LDV is about 15000 while the
number of data taken by PTV is about 1500. A statistical analysis
of the data showed that 1000 data were sufficient for convergence
of both mean and standard deviation values.

The normal restitution coefficient and tangential velocity ratio
are given by:

e=— normal coefficient of restitution
Va
u

ﬂ =L tangential velocity ratio.
Ug

Therefore the normal restitution coefficient and the tangential
velocity ratio of a sample with N collisions is

gef] o

B= iﬂ.. Z[u} @.

m=1 m=1 u

However, due to inability of LDV to follow the same particle
before and after a collision, the values of ¢ and B are calculated
using the mean rebound and approach particle velocities as:

N
_ 1—," 2= [vr]m
e=—=" 3)
Va Z [va]m
m=1
N
- T Z [u"]m
p=—t=2g— . @
“ 2_ [ua ]m

Even though equations (1) and (2) are different than equations
(3) and (4), the results of LDV and PTV measurements are in good
agreement. This indicates that LDV and PTV provide the same
results for collisions where the variations in approach and rebound
velocities and angles are small. Work is underway to extend the
present study to diffuse particle collisions and to investigate the
possible effect of approach angle and velocity on the collisional
parameters.
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- SUMMARY :

This paper describes the measurement of specular and diffuse particle-wall collisions
using a particle image tracking velocimetry (PTV) system. The PTV system tracks an indi-
vidual particle before and after a collision and is capable of measuring thousands of particle-
wall collisions per hour. The measured parameters are approach and rebound angles and
velocities for a specific particle. From these measured parameters, the normal and tangential
coefficients of restitution and the coefficient of collisional friction are derived. In this work.
specular collisions were produced with 191 um glass particles colliding with a glass plate and
diffuse collisions were produced with 90 um FCC particles colliding with a rough riser wall.
The approach angles were about 15° and approach velocities about 20 m/s. For the glass
particles, standard deviations of 7.4% and 2.1% were found for the normal and tangential
coefficients of restitution, respectively. The standard deviations were much larger for the FCC
particles: 38.2% and 15.7% for the normal and tangential coefficients of restitution. respec-
tively.

INTRODUCTION

Particle-wall collisions play an important role in many industrial systems. Some ex-
amples are particle deposition in combustion systems, material coating processes. erosion of
turbine blades in jet engines by airbomne particulates, fluidization for chemical processing, and
the pneumatic transport of particles from one location to another.

Computer simulation of particulate flows is a powerful design tool for these systems.
Whether the computer simulations track individual particles or treat the particle phase as a
continuum, the manner in which the collisions are described greatly influences the flow predic-
tions (1,2). The goal of this project is to provide the empirical data for particle-wall collisions
needed to enhance the predictions of computer simulations. Required are time-averaged prop-
erties of rebound angles and velocities as a function of approach angle and velocity for a wide
range of particle and wall materials. '
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In the past, descriptions of particle-wall collisions were limited to data for the normal
coefficient of restitution, a simple measurement of the ratio of rebound to approach velocities
normal to a wall (3). However, in actual industrial systems, particle-wall collisions are much
more complex than described by the normal coefficient of restitution. For example, the change
in the tangential component of velocity (parallel to the wall) may not be the same as described
by the normal coefficient of restitution. Also, for rough walls or aspherical particles, rebound
angles and velocities may vary considerably for a given approach velocity and angle, i.e.. the
rebound scattering is diffuse rather than specular.

Tabakoff et al. (4) used laser Doppler velocimetry (LDV) to make point measurements
of two components of particle velocity near a wall. While LDV quickly generates a large
quantity of data, it cannot follow the same particle before and after a collision. Unless the

_approach angle and velocity are confined to a narrow range, LDV does not provide a true
measure of the coefficients of restitution. Recently Foersteret al. (5) measured particle trajec-
tories before and after a collision using frame-to-frame video tracking. Their system is capable
of releasing particles without spin and is more suitable for large particles (> | mm) and low
velocities (< 2 m/s). However, it has yet to produce large numbers of measurements for deter-
mination of time-averaged properties. In 1988 and 1989, Shaffer et al. (6,7) described a par-
ticle tracking velocimetry (PTV) system for measurement of particle-wall collisions. The PTV
technique generates true values of coefficient of restitution since it tracks each specific particle
before and after a collision. More recently, Sommerfeld presented measurements of large
quantities of particle-wall collisions with rough surfaces using a PTV system (8).

In this paper, we describe an experiment that rapidly measures the particle-wall colli-
sion parameters required for input into computer simulations: time-averaged values of re-
bound angle and velocity as a function of approach angle, approach velocity, particle type, and
wall material. The experimental system was developed by Shaffer et al. (6,7) in the Flow
Analysis Facility of the Department of Energy’s Pittsburgh Energy Technology Center. With
the PTV system, a pulsed laser produces a muitiple-exposure picture of a particle along its
trajectory. By measuring the displacement of successive particle images, the particle trajectory
and velocity along a trajectory are determined — including a particle’s trajectory before and
after collision with a wall. The system is capable of measuring thousands of trajectories in a
few hours, allowing determination of time-averaged properties.

Measurements were done for two systems: glass particles colliding with a smooth
glass plate and fluid cracking catalyst (FCC) particles colliding with a rough riser wall. The
riser wall was a piece of refractory cement from the inside of the riser pipe of a petroleum
refining unit; it was supplied by the Amoco Oil Co. The length scales of the roughness of the
riser wall surface were both larger and smaller than the FCC particle diameter. The glass
particles and the FCC particles were sieved to a range of 175-208 pm and 75-105 pm, respec-
tively. .

EXPERIMENTAL PROCEDURE

Figure 1 shows the configuration of the experimental equipment for the glass on glass
system. The particle-wall collisions are set up in a wind tunnel under accurately controlled
conditions. In the test section of the wind tunnel, glass particles are brought into collision at the
center of the smooth glass plate. The particles are driven by pneumatic transport through a 4-
mm i.d. tube under a constant pressure of 40 psig. The injection tube is placed 10 cm above the
glass plate and is tilted downward about 20°. Particles are fed into the pneumatic transport line
at a steady rate using a feed regulator and a screwfeeder in series. Since the laser light cannot
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Figure 1. Schematic of experimental system.

pass through refractory cement, for the FCC-riser wall system, the riser wall was mounted
facedown on the ceiling of the wind tunnel test section and the injection tube was tilted upward.

The glass particles have a mean size of 191 tm and are sieved to a size range from 175
to 208 um. The particle density is 2.47 g/cm3. Most of the particles, approximately 95%.
appear to be nearly perfect spheres. However, up to about 5% of the particles are defective.
appearing either elliptical or as fragmented pieces of glass. The FCC particles have a mean
size of 90 um and are sieved to a size range of 75-105 um. They appear to be slightly more
aspherical than the glass particles.

The dimensions of the piece of riser wall are 12 cm x 12 cm with a thickness of 1 cm.
It was glued to a piece of plexiglass and then mounted on the top wall of the test section. The
dimensions of the glass plate are 27 cm x 27 cm with a thickness of 3 mm. Support posts are
placed at the comers of the plate. The size of the plate and the distance of the support posts
from the collision point are sufficient to ensure that the collisions are independent of the finite
plate dimensions. This was verified based on the criteria given by Sondergaard et al. (9).

To minimize aerodynamic drag on the particles, the air velocity in the wind tunnel was
set to minimize slip velocity between the particles and air. This was verified using a two-
component LDV to measure air and particle velocities. The maximum slip velocity between
the air and particles was verified to be less than 1.3 m/s within the region where particle colli-
sions are measured. This gives a Stokes number of 500 (based on the particle response time of
0.13 s and a particle transit time through the measurement region of 300-400 iis) ensuring that
the particle response to drag is negligible.




Since particle spin isn't measured with the PTV system, it is important to ensure that it
doesn't significantly affect the measured parameters. Even if the particles were spinning at
very high rotation speeds, for example, more than 10,000 rpm, the actual speed of the particle
surface due to rotation (the product of angular velocity and particle radius) is less than 1% of
the particle's linear velocity. Therefore, it is assumed that particle spin has a negligible effect on
the measured collision parameters. For larger particles and slower velocities, such as those
used in (5), (3.18 and 5.99 mm at <2 m/s), particle spin can have a significant effect on the
collision parameters.

The beam from an acousto-optically modulated argon laser is transmitted through a
series of cylindrical lenses to form a thin (1 mm) sheet of pulsed laser light. The 7W beam is
directed upward through the base of the test section in the wind tunnel and through the glass
plate to illuminate the particle-wall collisions. The pulse repetition rate was set at 25 KHz with
a pulse duration of 5 ps.

As particles pass through the light sheet, they scatter light into a high-resolution (1024
x 1024 pixel) video camera positioned at a right angle to the laser sheet. This produces a
multiple-exposure picture showing a'series of images of a particle along its trajectory. Figure
2 shows an example picture of a particle colliding with the glass plate. The field-of-view size
for these measurements was 28.38 x 21.57 mm. The PTV pictures are digitized at 30 pictures/
second with 8-bit (256 levels) gray-scale resolution into a SUN 670 computer with an ANDROX
parallel image-processor. Only a 2.69 mm region of the PTV picture near the wall (as shown
in Figure 2) is permanently stored. Particle images are detectable within one particle image
diameter of the plate surface.

Figure 2. Typical particle wall collision. A biack line is added to show the location of
the glass plate.

Software has been developed at PETC to automatically analyze multiple-exposure pic-
tures of particle trajectories (10,11). The first step in the analysis is recognition of particle
images and calculation of image centroids. The next step is to recognize groups of centroids as
belonging to an approach or rebound trajectory. This is achieved using an iterative Kalman
filtering algorithm with a likelihood function based on knowledge of the number of particle
images along a trajectory. Next, theapproach and rebound trajectories are extrapolated to their
intersection points with the glass plate. If the points where a pair of trajectories intersects the
plate are close, within an adjustable tolerance. they are assumed to be from the same particle.
For this work, this tolerance was set at two particle diameters. This tight tolerance restricts the
data to particles with instantaneous contacts with the plate; particles that slide or roll upon
contact are automatically excluded. Sliding or rolling appears to happen only with a small
fraction of the glass particles that appear to be aspherical. The last step in the analysis process




involves calculation of angles, velocities, and restitution coefficients. The angles and velocities
were extracted based on the displacement of the first and fifth images closest to the walil;
therefore, the measurements presented here are very close to the wall, usually within 1 mm.
The entire image acquisition and analysis process takes about one second per picture thus
enabling rapid analysis of the thousands of trajectories required for statistical convergence.

The experimental uncertainties in collision parameters (velocity, angle, and restitution
coefficients) arise from two factors: uncertainties in the basic measurements of distance with
the imaging system and uncertainties in the timing of laser pulses. The digital pulse generator
used in this experiment has one nanosecond resolution making the timing uncertainty negli-
gible. The uncertainty in distance is mainly due to the pixel resolution of the imaging system
and the resolution of the scale used to calibrate the imaging system. For this PTV system and
. experimental conditions, the total uncertainty in distance measurement is+ 35 tm. This trans-
lates into an uncertainty of +0.22 m/s in velocity, +0.6° in angle, +5% in normal restitution
coefficient, and+2% in tangential coefficient of restitution.

RESULTS AND DISCUSSION

Figures 3 and 4 show the dependence of the tangential and normal coefficient of resti-
tution (f and e, respectively) on approach velocities, v,, and approach angle, ¢, for the glass
particles and glass plate system. Values for the mean, standard deviation and experimental
uncertainties for all measured and calculated parameters for both systems are given in the table
below. Itis interesting to point out that the vaiues of e are larger than unity for the FCC-riser
wall system. This is due to large-scale roughness of the wall. The reduction of f is assumed to
be due to the small-scale roughness of the wall. :

mean standard deviation] uncertainty
glass | FCC glass| FCC

Rebound velocity, v, (m/s) 16.10 | 15.56 1.21 | 2.87 0.22
Approach velocity, v,, (m/s) 17.07 | 2122 | 1.29 | 3.41 0.22
Rebound angle, ¢, (°) 17.94°| 21.26°] 1.84°| 9.21° 0.6°
Approach angle, ¢,, (°) 17.5° | 1487°] 1.25°| 1.73° 0.6°
Normal coefficient of restitution, e 094 | 1.02 0.07 | 0.39 0.05
Tangential coefficient of restitution, 8] 0.97 | 0.7 | 0.02 | 0.11 0.018
Coefficient of friction, n 0.027 0.009

Figure 5 shows the data for the glass system in terms of a nondimensional approach
angle, ¥, and a nondimensional rebound angle,¥,, proposed by Maw, Barber and Fawcett
(12,13) and defined as

20-v) V., 2(1-v) V.,
| = —_— \Pz ==
2-v)v,, n2-v)v,,

In these equations, v is Poisson’s ratio, which is 0.22 for glass particles, V,, is the tangential
approach velocity, V., is the tangential rebound velocity, V,; , is the normal approach velocity,
V. is the normal rebound velocity, and i is a coefficient of friction for collisions.




To calculate the coefficient of friction the following equation is used:

VdJ - ‘/r,t

(e, 1+ V)

This equation is valid for the slip regime (11,12) where ‘¥’ >4y. Forthis experiment, 3=0.153.
where  is a nondimensional parameter given by

(l_v)(1+y/c2)
2-vy

x:

with k2 being a measure of the radius of gyration, which is 2/5 for homogeneous spheres.
Using the equations above gives a mean value of 0.027 for i with a standard deviation of

0.009.
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Figures 3 and 4 show that, within the narrow range of approach angles and velocities
for this experiment, e is independent of: ¢, and v, for the glass system; however, § declines
slightly as ¢, increases. Data presented in Goldsmith (3) show that e varies with v, only for
low velacities, v,<1 m/s, where e decreases with v,.

Figure 7 shows the variation of @, vs. ¢, for both systems. It is obvious that, as
expected, the collisions for the glass system are specular. The diffusivity of the collisions
for the FCC-riser wall is striking. Future publications will elaborate on the diffuse scattering
of particles.
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Figure 5. Non-dimensionai approach angle versus non-dimensional
rebound angle (Glass particles).
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riser wall system (right)




