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Abstract

A detailed experimental analysis of the particle-wall collision process in a particle-laden horizontal
channel ¯ow was performed using particle tracking velocimetry. The particles used in this study were
glass beads with a diameter of 100 and 500 mm and quartz particles with a size of about 100 mm.
Moreover, the e�ect of wall material on the collision process was analysed. Special attention was paid to
the in¯uence of wall roughness and therefore, untreated stainless steel, polished stainless steel, Plexiglas,
and rubber gum were used. It was found that wall roughness considerably alters the rebound behaviour
of the particles and causes in average a re-dispersion of the particles, i.e. gravitational settling is
reduced. A similar e�ect was observed for the non-spherical quartz particles and a polished stainless
steel wall. The experimental data were used to improve and validate a wall collision model to be used in
the frame of the Lagrangian approach. In this model the wall roughness is simulated by assuming that
the impact angle is composed of the trajectory angle with respect to the plane wall and a stochastic
component caused by wall roughness. A modi®ed normal distribution function was assumed for the
roughness angle distribution. All the parameters for the wall collision model, such as restitution
coe�cient and friction coe�cient as functions of the impact angle were obtained from the experiments.
The simulations showed a very good agreement with the measurements for the particle rebound
properties. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Con®ned, wall-bounded and turbulent gas-particle ¯ows are frequently found in technical and
industrial processes, such as pneumatic conveying, ¯uidised beds, vertical risers, particle
separation in cyclones, classi®cation of particles, and mixing devices. The motion of particles in
such ¯ows is governed by a number of physical e�ects, such as turbulence, gravity, transverse
aerodynamic lift forces, and particle-wall collisions. At higher particle loading, collisions between
particles (Sommerfeld, 1995) and the modulation of mean ¯ow and turbulence (Kulick et al.,
1994) may additionally be of relevance. The importance of particle-wall collisions is correlated
with the particle inertia (i.e. the particle response distance) and the dimensions of the con®nement
and may be initiated by turbulence, inertial e�ects, and gravity in horizontal ¯ows. The wall
collision frequency has a direct e�ect on the pressure drop in pneumatic conveying since each
collision is associated with a momentum loss of the particles, followed by its acceleration by the
air ¯ow after rebound. This acceleration extracts momentum from the ¯uid and hence causes an
additional pressure drop. Wall roughness may considerably alter the wall collision process and
the wall collision frequency as has been demonstrated previously (Tsuji et al., 1985, 1987;
Sommerfeld, 1992, 1996; Frank et al., 1993; Sommerfeld et al., 1993; Sommerfeld and Huber,
1995). As observed by Sommerfeld and Huber (1995) and described in detail by Sommerfeld and
Zivkovic (1992), Sommerfeld (1995), wall roughness results in a re-dispersion of particles in
horizontal pipe or channel ¯ows and tends to increase the wall collision frequency. Similar e�ects
are caused by the non-sphericity of particles which may rebound at larger angles compared to the
impact angle as a result of rotation. This e�ect was analysed in detail by Tsuji et al. (1991). For
reliable numerical calculations of con®ned gas±solid ¯ows an appropriate modelling of the
collision process of spherical particles with rough walls or of non-spherical particles with smooth
or rough walls is essential. Such models may be based on a purely empirical approach (e.g. Grant
and Tabako�, 1975) which requires numerous experimental studies to provide correlations which
include all the relevant parameters, or on an approach which is based on principle conservation
laws which are extended in some way to account for stochastic e�ects such as wall roughness and
non-sphericity of particles (Sommerfeld, 1992). The latter approach is preferred in the present
study. Hence, data are needed for various combinations of particle and wall material on the
restitution coe�cient and the friction coe�cient.

Quite a number of experimental studies have been performed in the past in order to analyse
the wall impact of solid particles and to provide data for modelling the process. Studies on
plastic and elastic collisions of small glass beads with metal surfaces were performed by Martin
et al. (1991) using Laser-Doppler anemometry. Two di�erent test rigs were used in order to
study low speed and high speed impact in addition to erosion phenomena. The low speed
studies were performed in an evacuated drop tube, while the high speed impacts were realised
by directing a particle laden jet onto the target. The velocity measurements were performed
just above the target in order to allow the recording of impact and rebound velocity. The
e�ects of both impact angle and velocity on the normal restitution ratio1 were analysed. The

1 The term restitution ratio is used for the measured velocity ratios parallel and normal to the wall, while the term
restitution coe�cient is used for the model constant relating the change of the normal velocity component.
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dependence of the restitution ratio on the impact angle showed that the impact process is quite
di�erent for a hard and a soft wall. In the case of the hard wall the restitution ratio decreases
from about one at zero impact angle (note that the impact and rebound angles are those
between wall and particle trajectory in this case) to about 0.7 at an impact angle of 458 and
then increases again to about 0.97 at normal impact. For the soft wall the restitution ratio
continuously decreases from one at small impact angles to about 0.5 at normal impact. This
demonstrates the high energy loss for soft wall material as a result of the strong deformation
of the wall during the impact. The analysis of the velocity dependence of the restitution
coe�cient revealed a continuous decrease with increasing impact velocity and hence
deformation of the wall.

A number of experimental studies on particle-wall collisions were also performed by
Petrak and co-authors (Frank et al., 1993; Schade et al., 1996). In the initial studies a
particle laden jet was directed towards an inclined plate of di�erent material (Frank et al.,
1993) and the particle velocity was measured using a special ®bre optical probe. In the
experiments glass beads with a diameter of 115 mm were used and impact angles of 108,
308 and 458 were considered. Moreover, the in¯uence of wall roughness was analysed using
targets with di�erent degree of roughness. The particle velocity before impact was varied
between 4 and 13 m/s. The results for the restitution ratio (i.e. the measured ratio of the
normal velocity component after impact to that before impact) are in contradiction to
previous ®ndings (e.g. Martin et al., 1991) since very low values are reported for small
impact angle. Moreover, no clear trends are shown for the e�ect of wall roughness and too
few results are presented in order to allow a detailed analysis of wall roughness e�ects. The
main di�culty in the interpretation of the results is caused by the fact that not individual
particle impacts are analysed, rather the behaviour of the jet and its declination by the wall
is measured by the applied probing technique. Hence, the results are not very useful for
deriving the required model constants.

Therefore, in a later study (Schade et al., 1996) a test facility was used which allows to
analyse single particle impacts. Again glass beads with a mean diameter of about 110 mm were
used and the e�ect of di�erent target materials was studied. But still the rebound properties of
the particles were obtained by statistical averaging and not for each individual event since
again the ®bre probe was used for velocity measurements. Therefore, the restitution ratios
reported for small impact angles are doubtful since the values are below unity even for a rough
wall. From the physical interpretation given by Sommerfeld et al. (1993), Sommerfeld and
Huber (1995), it is obvious that the restitution ratio must be larger than unity for small impact
angles and rough walls. Additionally, results on the friction coe�cient are presented by Schade
et al. (1996) showing a dependence on the impact velocity and the impingement angle. For
impact angles between 58 and 608 a drastic decrease of the friction coe�cient from about 1.5 to
0.2 is reported. In a study published earlier by Sommerfeld and Huber (1995) similar results on
the coe�cient of friction are presented.

In the studies by Sha�er et al. (1994) the collision of solid particles with the wall
was analysed by particle tracking velocimetry. However, only a limited number of
impact conditions were considered so that no correlations useful for modelling could be
derived.
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2. Test facility

For providing reliable data for the collision of particles with rough walls, measurements
were conducted in a particle laden horizontal channel ¯ow (Fig. 1). The channel height was 30
mm and the width 300 mm so that a two-dimensional ¯ow was established. The length of the
channel was 3 m which allowed for fully developed ¯ow conditions at the end of the channel
for particle sizes up to about 200 mm. The top and bottom walls of the channel were made of
stainless steel plates, and the side walls were 3 mm thick glass plates. Other materials for the
top and bottom walls (i.e. polished steel, Plexiglas and rubber) were also considered. This was
accomplished by inserting plates of the respective material into the channel. At the end of the
channel, a casing with a glass window was mounted for allowing optical access. The analysis of
particle-wall collisions in a channel ¯ow has the advantage that the impact occurs under
realistic conditions and the particles may also rotate due to previous wall collisions.
For the visualisation of the particle trajectories the particle tracking velocimetry in the streak

line mode was applied. A pulsed laser light sheet was produced by a 5 W Argon±Ion laser, a
Bragg cell, and a set of cylindrical lenses. The light sheet was send along the centre of the
channel through the window at the end wall of the channel. The Bragg cell was used as an
acoustic optical de¯ector to pulse the light sheet at a pre-de®ned frequency and pulse length.
This was achieved by a mono-stable multi-vibrator controlled by two 12 bit counters and a
controlling logic unit. This electronic device was used to generate a square wave function to
trigger a 40 MHz Bragg cell driver unit. With the help of this unit it was possible to switch the
®rst order beam after the Bragg cell very precisely. The switch frequency and the pulse
duration could be selected independently. The smallest pulse or pause time was 1 ms. This
method of pulsing a continuously working laser has the advantage that the contrast of the light
pulses and the e�ciency of the light transmittance are very high, namely 70%.

Fig. 1. Drawing of horizontal channel test facility together with the visualisation system.
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The particle traces in the near wall region of the channel ¯ow at a location 2.8 m
downstream of the beginning of the channel were recorded by a CCD-Camera (Hitachi, Type
KP-M1) which has a resolution of 736 � 581 pixels. The light intensity resolution of the CCD-
camera was 8 bit which corresponds to grey levels between 0 and 255. A 55 mm Canon lens
with an aperture opening of f # = 1.1 was used in connection with a 10 mm adapter ring to
obtain a large magni®cation. A series of individual images of the particle traces were recorded
on a video tape during the measurement period. In order to obtain the required statistical
information several thousands of images were recorded. The processing of the images was
performed o�-line and fully automated using a PC AT-486, a frame grabber card (Matrox IP-
8/AT) and a relays box which controlled the video recorder output.
The video recorder for storing and replaying the images of the particle trajectories was a

Panasonic AG7330. This recorder possesses an interface for remote control with electronic
signals. For this purpose a relays box was build which receives 8 bit words from the parallel
port of the computer and then switches di�erent functions of the video recorder. Since the
analysis of the images takes about 4 s the video recorder was operated in the single-frame
stepping mode. After the analysis of one frame an 8 bit code is written to the parallel port and
a new frame of the video tape is displayed.

3. Image analysis

For the identi®cation and validation of the particle traces and for the calculation of the
change of particle velocity and trajectory angle during a wall collision, a processing software
was developed which is described in the following section. The image analysis involves the
following steps:

. grabbing of a frame from the video tape and digitisation,

. binarisation of image,

. identi®cation of wall and particle streak lines,

. identi®cation of streak lines belonging to a wall impact of one particle,

. determination of particle velocities and trajectory angles before and after impact,

. statistical treatment of data to obtain mean values as a function of impact angle.

For grabbing the frames, C-library functions were used that were supplied together with the
frame grabber card. The contrast of the images was optimised at the beginning of the
processing by properly adjusting gain and o�set. A number of di�erent approaches to enhance
the image were tested, such as convolution ®lters, but a simple binarisation with a resolution of
up to 256 grey levels was found to be fast and reliable. Since the brightness of the images was
not strongly varying, the required threshold level for binarisation was kept constant for one set
of experiments. The result of the binarisation is illustrated in Fig. 2, showing a typical image of
the particle trajectories. The wall appears as a bright horizontal line at the upper bound of the
frame. For ®nding the particle streak lines and the wall, the matrix of the pixels is scanned
searching for bright objects. Only those objects having more than 10 pixels are identi®ed as a
streak line. Smaller objects are discarded since they may be the result of remaining noise or
particle trajectories which are oblique to the plane of the light sheet. For each streak line, the
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number of pixels and their individual co-ordinates are determined. The slope, length, and
width of the streak lines are determined by means of a linear regression. When the regression
line intersects with the wall it is assumed that it belongs to a particle colliding with the wall or
being rebound and its properties are stored. The next step in the processing algorithm is the
identi®cation of two streak lines before and after impact. For identifying these two wall-nearest
pairs several criteria have to be met (Fig. 3):

. The slope of the regression lines of the two respective streak lines must be identical with
certain pre-speci®ed limits.

. The ratio of streak line length A to the streak line separation B must be within certain limits
corresponding to the ratio of laser pulse duration to the time between pulses.

. The line through both respective streak lines before and after impact must intersect with the
wall at about the same location.

Di�erences in the intersection location of the impact and rebound trajectory may result from
the ®nite width of the streak lines and the occurrence of sliding collisions. The di�erent
threshold levels for the identi®cation of a collision event were determined by a trial and error
approach comparing the result of the processing algorithm with the video image. Due to the
®nite size of the image, additionally a so-called boundary region error has to be considered. In
the regions D1 and D2 only particle trajectories with large impact or rebound angles may
produce two streak lines on the image. Hence the statistics for the determination of mean
collision properties will be biased with respect to a stronger weighing of large trajectory angles.
In order to avoid this error no collision events are considered which have their point of
impingement in the regions D1 and D2. The extension of these regions was adjusted according
to the particle velocity and impact angle.

Fig. 2. Typical binarised image of particle trajectories.
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For evaluating the particle velocity components before and after impact the distances in x-
and y-direction of the centres of two neighbouring streak lines are used and divided by the
pulse separation time (Fig. 4). This approach was found to be more accurate than using the
length of the streak lines and the pulse duration. Moreover, only two streak lines adjacent to
the wall are considered, since especially for smaller particles the particle trajectories may
become non-linear. A determination of the velocities from more than two streak lines may then

Fig. 3. Identi®cation of streak lines belonging to the collision of one particle.

Fig. 4. Determination of velocities and impact and rebound angles.
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result in considerable errors. Finally it is also ensured, that the absolute value of the particle
velocity after rebound is smaller than the impact velocity.
The accuracy of the velocity determination depends on the spatial resolution of the streak

lines (i.e. their separation) and the accuracy of the pulse frequency. The error in the pulse
frequency was estimated using a digital oscilloscope and was found to be about 1%. For an
image width of about 20 mm the spatial resolution is about 25 mm/pixel. The pulse frequency
was adjusted to yield a streak line separation of about 2 mm. This results in an error for the
determination of the streak line separation of about 1.3%. Hence, the error in the
determination of the absolute particle velocity is about 1.7%.
For each particle-wall impact now the absolute velocity, the velocity components in x- and

y-direction and the trajectory angle for impact and rebound are available. For deriving the
mean values and the wall collision parameters such as restitution ratios and friction coe�cients
as a function of impact angle, between 1000 and 5000 events are considered.

4. Wall collision model and evaluation of collision parameters

With the light sheet method only collisions in one plane are detected. Hence, the momentum
equations for the wall collision process in two-dimensional form may be used to evaluate the
collision parameters. The solution of the momentum equations together with Coulombs law of
friction yields a set of equations for a sliding and non-sliding collision process (Tsuji et al.,
1987; Sommerfeld, 1992). The condition for a non-sliding collision is obtained in the following
form:����up1 ÿ Dp

2
op1

����R7

2
m0�1� e�vp1 �1�

Here, the subscript 1 refers to the particle velocity components before impact, e is the
coe�cient of restitution relating the normal velocity component after the collision to that
before the collision, m0 is the static coe�cient of friction, and Dp is the particle diameter.
Furthermore, up and vp are the particle linear velocities parallel and normal to the wall,
respectively, and op is the angular velocity of the particle (Fig. 5). The particle linear and
rotational velocities after rebound (subscript 2) are obtained from the momentum equations for
the collision con®guration shown in Fig. 5. For a collision without sliding one obtains:

up2 � 1

7

ÿ
5up1 �Dpop1

�
vp2 � ÿevp1

op2 � 2
up2

Dp

�2�

The velocity components after a sliding collision are calculated by:
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up2 � up1 ÿ md�1� e�e0vp1

vp2 � ÿevp1

op2 � op1 � 5md�1� e�e0 vp1

Dp

�3�

In these equations, md is the dynamic friction coe�cient, and e0 indicates the direction of the
relative velocity between particle surface and wall given by:

e0 � sign

�
up1 ÿ Dp

2
op1

�
�4�

For simulating the wall roughness e�ect a stochastic approach was adopted (Sommerfeld, 1992,
1996; Sommerfeld et al., 1993) by assuming that the impact angle is composed of the particle
trajectory angle a1 and a stochastic contribution due to wall roughness:

a 01 � a1 � Dgx �5�
From experiments (Sommerfeld and Huber, 1995) and numerical simulations it was found that
the probability of the roughness angle may be approximated by a normal distribution function
with a standard deviation of Dg. Hence, x represents a Gaussian random variable with zero
mean and a standard deviation of one. The value of Dg depends on the structure of the wall
roughness and additionally on the particle size.
In order to determine the roughness angle distribution as a function of particle size, the wall

material used in the channel facility was optically scanned with a resolution of 1 mm (Fig. 6).

Fig. 5. De®nition of velocities and angles before impact and after rebound.
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The average roughness height for the stainless steel wall was found to be 25 mm (according to
DIN 4768). By sampling the roughness pro®le with di�erent intervals and determining the
inclination over this distance one can obtain a roughness angle distribution. The resulting
distributions shown in Fig. 7(a) and (b) for a sampling distance of 20 and 100 mm, respectively,
may be approximated by a normal distribution function, as assumed in the model. The
resulting probability distribution function (PDF) is given by:

P�Dg,g� � 1�������������
2pDg2

p exp

 
ÿ g2

2Dg2

!
�6�

From the distribution functions for the di�erent sampling distances a mean value and a
standard deviation (i.e. rms value) can be calculated (Fig. 8). The mean value of the roughness
angle distribution is almost zero except for very small sampling distance. The standard
deviation which is in some way correlated with the particle size (i.e. sampling distance)
continuously decreases with increasing sampling distance. Hence, the roughness e�ect will be
larger for smaller particles.
As demonstrated previously, there exists also a so-called shadow e�ect for small particle

impact angles (Sommerfeld and Zivkovic, 1992; Sommerfeld, 1996; Schade and HaÈ drich, 1998)
which implies that the particles may not hit the lee side of a roughness structure when the
absolute value of the negative inclination angle jgÿj becomes larger than the impact angle (Fig.
9). This results in a higher probability for the particle to hit the lu� side and a shift of the
probability distribution function of the e�ective roughness angle towards positive values.

Fig. 6. Scanned pro®le of the wall roughness structure for a stainless steel plate (average roughness height according
to DIN 4768 : 25 mm).
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Therefore, there exists a mean roughness angle which depends on particle size and the impact
angle. For a given combination of a1 and g the following three regimes of the e�ective
roughness angle distribution function may be identi®ed:

1. The particle cannot hit a roughness structure with jgÿj > a1 whereby the probability
becomes zero:

f�a1,g� � 0 �7�

Fig. 7. Probability distribution functions of the roughness angle for di�erent sampling distance, (a) 20 mm, (b) 100
mm.
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2. The probability to hit a roughness structure with a negative inclination in the interval
0<jgÿj<a1 is smaller than that to hit a horizontal wall by the factor:

f�a1,g� � sin�a1 � gÿ�
sin a1

�8�

Fig. 8. Mean value and rms value of the roughness angle distribution functions in dependence on the sampling
distance.

Fig. 9. Illustration of shadow e�ect due to wall roughness for small impact angles.
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3. The probability to hit a positive inclined wall roughness structure (i.e. g � g� > 0) is higher
than that to hit a horizontal wall by the factor:

f�a1,g� � sin�a1 � g��
sin a1

�9�

The e�ective distribution function of the wall roughness inclination seen by the particle is
®nally obtained in the following form:

Peff�a1,Dg,g� � P�Dg,g�f�a1,g� � 1�������������
2pDg2

p exp

 
ÿ g2

2Dg2

!
sin�a1 � g�

sin a1
�10�

The e�ective mean roughness angle may now be calculated by integrating the distribution
function from g � a1 to g41.

�geff�Dg,a1� �
�1
a1
gPeff�a1,Dg,g� dg �11�

The e�ective roughness angle distribution functions are plotted in Fig. 10 for di�erent impact
angles together with the original normal distribution function and the distributions sampled in
the model calculations. It is obvious that the shadow e�ect reduces with increasing impact
angle and as a result, the distribution function of the e�ective roughness angle approaches the
shape of the normal distribution function. The e�ective roughness angle distributions obtained
from the model calculations agree reasonably well with the result obtained from Eq. (10) but
slightly under-predicts the mean roughness angle, �geff , and also the e�ective standard deviation
D�geff (Fig. 11). The procedure to account for the shadow e�ect in the model is as follows:

. The roughness angle is sampled from the normal distribution function (Eq. (6)).

. If a negative roughness angle with an absolute value being larger than a1 is sampled, an
unphysical collision results, namely the particle would come from behind the wall and hence
a new value is sampled for g.

With this method, the resulting distribution function is automatically shifted towards positive
values (Fig. 10).
In the following, the procedures to evaluate the parameters relevant for the wall collision

model are described. The change of particle velocity during a wall impact is expressed with the
velocity ratios (i.e. restitution ratio) normal and parallel to the wall:

RN � vp2

vp1

, RP � up2

up1

�12�

As a result of wall roughness the normal velocity ratio may become larger than one for small
impact angles. In the equations for calculating the velocity change by a wall impact (Eqs. (1)±
(3)) however a restitution coe�cient e is needed which is only related to the loss of momentum
as a result of the deformation of wall and particle during the impact which depends on the
material properties of particle and wall and the impact angle. Hence, this coe�cient should not
include wall roughness e�ects. For the determination of the mean restitution coe�cient as a
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Fig. 10. Modi®cation of roughness angle distribution due to the shadow e�ect for three di�erent impact angles

(Dg � 6:58).
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function of impact angle, trigonometric relations may be used and one obtains:

e�a1� � sin�a2 ÿ �geff �jup2j
sin�a1 � �geff �jup1j �13�

The evaluation of the mean values of e�a1� requires in addition to the collision data obtained
from the PTV the knowledge of �geff and hence the standard deviation of the roughness angle
distribution Dg (see Eqs. (10) and (11)). This value depends on the roughness structure, the

Fig. 11. Variation of e�ective mean roughness angle (a) and the e�ective standard deviation (b) with impact angle,
comparison of the result obtained from the e�ective distribution function (10) and the model simulations

(Dg � 6:58).
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material of particle and wall and the particle size. All these parameters determine the degree of
deformation during the impact.
In order to correlate the standard deviation of the roughness angle distribution with the

particle size the following approach was adopted. Since the restitution coe�cient e is associated
with the momentum loss during the impact and hence with the deformation of particle and
wall it may be expected that if a1 approaches zero the restitution coe�cient should approach
unity. Therefore, one can use Eqs. (11) and (13) to determine the standard deviation Dg. The
integration of the e�ective roughness angle distribution (10) to obtain the mean roughness
angle �geff was done numerically, since an analytic solution does not exist. By considering the
data collected for the smallest impact angle (i.e. in this case a1 � 2:58) and varying Dg from
one degree to some upper limit, it is possible to obtain the intersection of this curve with e � 1
as illustrated in Fig. 12 for di�erent particles and wall materials. The Dg-value at this
intersection is relevant for the considered combination of particle and wall. It is obvious from
Fig. 12 that Dg decreases with increasing particle size and that some roughness e�ect is also
found for small particles and a polished steel wall. The values of Dg obtained from Fig. 12 can
now be used to calculate the restitution coe�cient as a function of impact angle using Eqs. (11)
and (13) and the experimental data, i.e. the velocity ratio RP. The results will be discussed in
the next section.
Finally, the coe�cient of friction may be determined from the equations describing a sliding

collision. From Eq. (2) it follows that:

Dpop1 � 7up2 ÿ 5up1 �14�

Inserting the condition for distinguishing a sliding and non-sliding collision (Eq. (1)) the
particle rotation and the diameter are eliminated and one ®nally obtains for the coe�cient of
friction the following equation:

Fig. 12. Restitution coe�cient as a function of the standard deviation of the roughness angle distribution.
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m � jup1 ÿ up2j
�1� e�vp1

�15�

With this approach no di�erence is made between the static and dynamic coe�cient of friction.

5. Experimental results

For allowing a detailed analysis of the e�ects of particle size, particle shape, wall material,
and wall roughness on particle-wall collisions, experiments were conducted for di�erent
combinations of particle and wall material as summarised in Table 1. In addition, some
characteristic parameters for the wall collision model are summarised in Table 1, which will be
discussed later. The particles used were spherical glass beads and irregular shaped quartz
particles. The conveying velocity was kept constant with a value of about 15 m/s. The average
impact velocity of the particles is of course lower since they lag behind the ¯ow due to their
inertia. The average absolute value of the impact velocities are also given in Table 1. The
particle concentration was very low in order to allow the application of particle tracking
velocimetry.
For illustrating the particle rebound behaviour for di�erent wall materials, scatter plots of

the rebound angle versus the impact angle are shown in Fig. 13, each for about 1000 individual
events. Furthermore, the resulting mean values are included in the ®gures, which are averaged
over an impact angle interval of 58. Since the experiments were conducted in a narrow channel,
the range of observed impact angles is relatively low, i.e. up to about 408. For a polished steel
wall and the 500 mm particles the data are scattered in a relatively narrow band close to the
line of equal angles with a slightly higher probability of smaller rebound angles (Fig. 13(a)).
Comparing this result with that obtained for a rough stainless steel wall reveals that wall
roughness causes a much broader scattering of the data (Fig. 13(b)) and for small impact
angles the mean rebound angle becomes larger than the impact angle. This e�ect is more
pronounced for the 100 mm particles (Fig. 13(c)), since roughness is of greater importance for
smaller ratios of the particle size to a characteristic dimension of the roughness (Sommerfeld,

Table 1
Summary of experimental conditions and parameters for the wall collision modela

Particles Wall material Up1�u 0p1� (m/s) Up2�u 0p2 � (m/s) eh ae (degree) m0 mh am (degree) Dg (degree)

Glass 100 mm Steel polished 12.82 (1.63) 11.52 (1.81) 0.9 22 0.4 0.15 20 2.3

Glass 100 mm Steel 13.32 (2.50) 11.34 (2.21) 0.7 22 0.5 0.15 20 5.3 (6.5)
Glass 100 mm Plexiglass 9.75 (1.54) 8.33 (1.60) 0.73 18 0.4 0.15 27 3.8
Glass 100 mm Rubber 11.31 (1.92) 9.16 (2.08) 0.5 18 0.8 0.02 35 3.8 (4.0)
Glass 500 mm Steel polished 5.56 (1.01) 4.93 (1.02) 0.75 15 0.35 0.1 25 0.0

Glass 500 mm Steel 5.91 (1.16) 5.15 (1.17) 0.7 22 0.4 0.15 20 3.8
Quartz 100 mm Steel polished 16.04 (2.58) 13.37 (2.74) 0.55 27 ± ± ± 2.6
Quartz 100 mm Steel 15.02 (2.64) 12.05 (2.54) ± ± ± ± ± 3.7

Quartz 100 mm Rubber 14.12 (2.76) 10.86 (2.82) 0.4 27 ± ± ± 2.9

a Empty cells indicate that no data could be de®ned.
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1992). For a rubber wall the particle-wall impact is characterised by large elastic deformations.
This results for larger impact angles in a stronger momentum loss whereby the rebound angles
become much smaller than the impact angles (Fig. 13(d)). For small impact angles also a
roughness e�ect is observed.

Fig. 13. Scatter plots of rebound angle versus impact angle for about 1000 events and measured averaged

correlation between rebound angle and impact angle (closed line with symbols), (a) polished stainless steel wall and
500 mm particles, (b) stainless steel wall and 500 mm particles, (c) stainless steel wall and 100 mm particles and (d)
rubber wall and 100mm particles.
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In most cases the rebound angle is larger than the impact angle up to a certain value. This is
the so-called shadow e�ect which has been described above and results in an increase of the
velocity component normal to the wall, as illustrated in Fig. 14 for the 100 mm particles and
di�erent wall materials. Even for the polished and the Plexiglas wall this e�ect is observed,
which may be caused by slight non-sphericity of the particles (Tsuji et al., 1985) and probably
some remaining wavy structures on the wall. The velocity ratio normal to the wall approaches
almost constant values for large impact angles depending on the wall material. For the hard
wall material the asymptotic values are between 0.75 and 0.8 and for the soft wall (i.e. rubber
gum) which allows for a strong elastic deformation the velocity ratio approaches a much lower
value of only 0.5. The di�erence of the asymptotic normal velocity ratio between polished steel
and untreated steel is associated with a more local deformation of particle and wall due to the
roughness. The restitution coe�cient determined according to the procedure described above,
shows a similar dependence on the impact angle as the ratio of the normal velocity
components (Fig. 15). The curves for the di�erent conditions show a decrease from one at a1 �
08 to an asymptotic value at an impact angle of ae . With further increasing impact angle the
restitution coe�cient is almost constant. These asymptotic values are clearly correlated with
the wall material and are summarised in Table 1. For a hard wall material (polished steel) the
value is about 0.85 and for the soft wall (rubber) only 0.55. The asymptotic value for the
Plexiglas wall is about 0.72, i.e. between the result for the hard and soft material.

The mean value of the friction coe�cient plotted versus the impact angle determined
according to Eq. (15) is shown in Fig. 16 again for the 100 mm particles. Except for the
polished steel wall the friction coe�cients have very high values for small impact angles, and
decrease with increasing impact angle. For the steel walls and the Plexiglas wall the friction
coe�cient approaches a limiting value of about 0.15 for large impact angles. For the rubber

Fig. 14. Measured dependence of the velocity ratio for the component normal to the wall on the impact angle for
di�erent wall material and 100 mm glass beads.
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wall the asymptotic value comes close to zero. These asymptotic values are also summarised in
Table 1 for the di�erent cases, since they are relevant for the model.
The in¯uence of particle size and shape is discussed for the polished stainless steel wall (Fig.

17(a)). The plot of the restitution coe�cient reveals that the large glass beads cause a much
stronger deformation during the impact compared to the smaller beads, although their impact
velocity is lower (see Table 1). This is a result of the much higher particle mass. The limiting
values for large impact angles are about 0.7 for the 500 mm and 0.85 for the 100 mm glass
beads. For the non-spherical quartz particles the limiting value of the restitution coe�cient is
considerably lower than for the glass beads which is a result of the local strong deformation.
In the case of the untreated stainless steel wall (Fig. 17(b)) the dependence of the restitution
coe�cient on the impact angle for small and large glass beads is quite similar for the range of
impact angles considered and a limiting value of about 0.7 is approached for large impact
angles. For the quartz particle an almost linear decrease of the restitution coe�cient with
increasing impact angle is observed. This is associated with a stronger local deformation of
wall and particle as a result of the irregular shape of the particles and the resulting higher
momentum loss.
This e�ect is also obvious from the ratio of the normal velocity component for the di�erent

particles shown in Fig. 18. At smaller impact angles the curve for quartz particles is very
similar to that of the 500 mm spherical glass beads, but for larger impact angles the velocity
ratio becomes considerable smaller than for the glass beads. From Fig. 18 it is also obvious
that the wall roughness e�ect is more important for the smaller glass beads than for the larger
ones. At an impact angle of 2.58 the normal velocity ratio has a value of 3.1 for the 100 mm
particles and 2.2 for the 500 mm particles, respectively. The velocity ratio is larger than one up
to an impact angle of about 118 and 168 for the large and small particles, respectively.

Fig. 15. Dependence of the restitution coe�cient on the impact angle for di�erent wall material and 100 mm glass

beads, calculated using Eq. (13).
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The friction coe�cient as a function of impact angle is also strongly dependent on particle
size and particle shape and the degree of wall roughness. For the spherical glass beads (Fig.
19(a)) the friction coe�cient approaches about the same value at large impact angles. At small
impact angles the friction coe�cient is considerably larger for the small particles which is again
caused by wall roughness. The asymptotic value of the friction coe�cient for the quartz
particles is considerably larger than for the glass beads. Due to the irregular shape of the
particles it is expected that edges of the particle will produce scratches and groves on the wall,
resulting in relatively high values of the friction coe�cient. Since for the stainless steel wall also
roughness will alter the friction coe�cient the above argument may be supported by results
obtained for the polished steel wall (Fig. 19(b)). Also for this case the friction coe�cient for
the quartz particles is larger than for the glass beads and slightly lower than the friction
coe�cient for quartz particles colliding with a stainless steel wall (Fig. 19(a)). This di�erence is
the contribution due to wall roughness.

6. Model calculations

For further re®ning and validating the wall collision model introduced by Sommerfeld
(1992), simulations were performed for the di�erent experimental conditions. For each
condition the impact angle was varied in the range between 08 and 908. The mean absolute
impact velocity was speci®ed according to the measured values (see Table 1). Statistical
variations of the impact velocity were accounted for by sampling the instantaneous absolute
velocity from a Gaussian distribution function with the measured rms value. No experimental
data were however available on the angular velocity of the particles at impact. Therefore, the
mean and rms values were selected by taking into account the particle size and the fact that the

Fig. 16. Measured friction coe�cient (i.e. calculated according to Eq. (15)) as a function of impact angle for
di�erent wall material and 100 mm glass beads.
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particles mainly will come from the opposite wall, resulting in a negative angular velocity. The
maximum angular velocity just after rebound may be estimated using Eq. (2). The in¯uence of
the assumed angular velocity on the rebound velocities was however found to be not very
strong for impact angles up to 408 as will be discussed below. For each impact angle 40.000
wall collisions were simulated by randomly sampling the instantaneous impact angle according
to the procedure described above in order to account for wall roughness. Since the roughness
e�ect is slightly under-predicted by the model (see Fig. 11), a larger value for Dg than obtained
from the measurements (see Fig. 12) was used in some of the model calculations. This value is
given in Table 1 in brackets. The angular and linear velocity components after rebound were
calculated by solving Eqs. (1)±(3). The restitution coe�cient as a function of instantaneous

Fig. 17. Dependence of the restitution coe�cient on the impact angle for di�erent particles and a polished steel wall

(a) and a stainless steel wall and (b), calculated using Eq. (13).
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impact angle was approximated by a linear decrease from 1 at zero impact angle to en at an
impact angle of ae and a constant value of en for a1 > ae as illustrated in Fig. 20(a). Since also
the friction coe�cient is a�ected by wall roughness, as demonstrated in Fig. 16, a similar
segmented ®t was assumed in the simulations as shown in Fig. 20(b). All the characteristic
values assumed for the simulations are summarised in Table 1.
First the collision of 500 mm glass beads with the stainless steel wall is considered. In Fig. 21

the simulated probability distribution of the rebound angle for di�erent impact angles is
compared with the measurements. The e�ect of wall roughness results in broad distributions of
the rebound angle as discussed above. The simulations are in reasonable agreement with the
measurements for the considered impact angles. However, at small impact angles (i.e. for a1 �
58 and 158) the predicted probability of small rebound angles (i.e. a2<58) is considerably higher
as observed in the experiment.
The simulated mean values (i.e. friction coe�cient, normal velocity ratio and parallel velocity

ratio) as a function of impact angle are compared with the measurements for the 100 mm
particles colliding with the stainless steel wall in Fig. 22. The agreement is reasonably well for
all these values. Only the velocity ratio vp2=vp1 is over-predicted for an impact angle of 2.58,
which indicates that the wall roughness e�ect is overestimated for small impact angles.
In order to demonstrate the importance of the presumed dependence of the friction

coe�cient on the impact angle for simulating correct rebound values, calculations with a
constant friction coe�cient of 0.15 and 0.5 are compared with the variable friction coe�cient
as a function of impact angle (Fig. 23). For low values of the impact angle the considered
small value of the friction coe�cient (i.e. m � 0:15) results in an underestimation of the
e�ective friction coe�cient up to an impact angle of about 308 (Fig. 23(a)). Hence, the velocity
ratio parallel to the wall is overestimated (Fig. 23(b)). On the other hand, the higher value of
the prescribed friction coe�cient results in a good agreement with the simulations for very
small impact angles and impact angles larger than about 558. In the intermediate range the

Fig. 18. Measured dependence of the velocity ratio for the component normal to the wall on the impact angle for
the untreated stainless steel wall and di�erent particles.
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e�ective friction coe�cient is overestimated and as a consequence the velocity ratio parallel to
the wall is underestimated. Hence, the best choice is a segmented ®t of the prescribed friction
coe�cient, as shown in Fig. 20 with the parameters given in Table 1. The coincidence of the
simulations with the di�erent assumptions of the friction coe�cient for impact angles larger
than 608 is associated with the fact that at larger impact angles a collision without sliding
occurs where the rebound properties are independent of the friction coe�cient.
The e�ect of particle rotation on the wall collision process is analysed for 100 mm glass

beads colliding with the polished steel wall by comparing results for negative and positive
angular mean velocity of230.000 1/s (Fig. 24) and a rms value of 10.000 1/s. It is obvious that
the ratio of the normal velocity component is una�ected by the angular velocity in the entire
range of impact angles (i.e. from 0 to 908). However, the velocity ratio of the horizontal

Fig. 19. Friction coe�cient as a function of impact angle for di�erent particles, (a) untreated stainless steel wall and
(b) polished stainless steel wall.
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component is strongly in¯uenced by the direction of rotation. For particles coming from the
upper wall which have a negative rotation, the velocity ratio continuously decreases with
increasing impact angle and becomes even negative for impact angles close to 908 for the
considered mean angular velocity of ÿ30.000 1/s. This implies that the particles are rebound
backward due to the high angular momentum. For positive values of the angular velocity the
velocity ratio is identical with that for negative angular velocity up to an impact angle of about
37.58 and then begins to increase with increasing impact angle. Close to 908 the velocity ratio
becomes even larger than 1, i.e. the particle is rebound with a larger horizontal velocity since
angular momentum is transformed to linear momentum. Angular mean velocities between
230.000 1/s would give a velocity ratio between the two curves shown in Fig. 24(b). From this
result it is obvious that rotation also a�ects the rebound angle for impact angles larger than

Fig. 20. Assumed variation of: (a) the restitution coe�cient e, and (b) the friction coe�cient with impact angle and

characteristic values (see Table 1).
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Fig. 21. Comparison of measured and simulated distributions of the rebound angle for di�erent impact angles, 500

mm glass beads colliding on a stainless steel wall.
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Fig. 22. Comparison of measured and simulated dependence of the velocity ratio normal to the wall (a), the velocity

ratio parallel to the wall (b), and the friction coe�cient (c) on the impact angle, 100 mm glass beads colliding on a
stainless steel wall.
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37.58. For negative rotation the rebound angle becomes larger than for positive rotation (Fig.
24(c)). The agreement between measurement and simulation for the smooth wall and the 100
mm glass beads is very good for all the values discussed above (Fig. 24).
Finally, the case of the 100 mm glass beads and the rubber wall is considered (Fig. 25). For

simulations with the parameters given in Table 1 a very good agreement is obtained with the
measurement as demonstrated by comparing the rebound angle versus impact angle (Fig.
25(a)) and the velocity ratio parallel to the wall (Fig. 25(b)).

Fig. 23. In¯uence of the presumed dependence of friction coe�cient on rebound characteristics as a function of
impact angle, (a) friction coe�cient, (b) velocity ratio parallel to the wall, (100 mm glass beads colliding with a

stainless steel wall).
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7. Conclusions

Wall roughness and non-sphericities of particles have a considerable in¯uence on the wall
collision process and the rebound properties of the particles. Aiming at improving a wall
collision model to be implemented in a Lagrangian approach for the particle phase, a detailed
experimental analysis of the wall collision process in a horizontal channel ¯ow for di�erent
particles and wall materials was performed. The experiments revealed that both e�ects (i.e. wall

Fig. 24. In¯uence of particle rotation on rebound characteristics as a function of impact angle, (a) velocity ratio
normal to the wall, (b) velocity ratio parallel to the wall, and (c) rebound angle, (100 mm glass beads colliding with
a polished stainless steel wall).
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roughness and the non-sphericity of particles) yield in average for small impact angles a
rebound of the particles at a larger angle. This phenomenon is a result of the so-called shadow
e�ect which is associated with the fact that particles hit a roughness structure with a positive
inclination with a higher probability. Regions on the lee-side of the roughness structure may
not be hit at all for such small impact angles (i.e. impact angles below about 108). The
modelling of the wall roughness e�ect requires the consideration of this shadow e�ect. By
optically scanning the stainless steel plate used in the experiments, it was found that the
roughness angle distribution may be approximated by a normal distribution function with a
standard deviation depending on the particle size. This standard deviation, which is an
additional parameter in the wall collision model, was derived by using an analytic expression
for the e�ective wall roughness angle distribution accounting for the shadow e�ect. Moreover,
the dependence of the restitution coe�cient and the friction coe�cient on the impact angle
could be derived from the experimental data. Since the wall collision process was calculated by
solving the momentum equations in connection with Couloumbs law of friction these
correlations are essential model parameters. Wall roughness was simulated by adding a
stochastic component to the particle impact angle. For validating the developed wall collision
model, a series of simulations were performed and the results were compared with the
experimental data. The e�ect of the assumed dependence of the model parameters on the
impact angle was analysed. The comparison of the model calculations with the experimental
results showed a very good agreement for the di�erent combinations of particle and wall
material.

Fig. 24 (continued)
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Fig. 25. Comparison of measurement and simulation for 100 mm glass beads colliding on a rubber wall, (a) rebound
angle as a function of impact angle, (b) velocity ratio parallel to the wall versus impact angle.
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