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Abstract

The phenomena of particle–wall collisions including wall roughness and inter-particle collisions in a

horizontal channel flow are analysed in detail by numerical calculations on the basis of the Lagrangian

approach. In order to assess the effects of particle–wall collisions and inter-particle collisions independent

on other phenomena, two-way coupling is neglected in this study. Integral values of the particle phase

properties, such as mean velocities and fluctuating components averaged over the channel height are used

to demonstrate the consequences of both transport effects. The ratios of the fluctuating components are
determined in order to assess the unisotropy of the particles fluctuating behaviour. Additionally, a channel

with a larger height is considered in order to provide information on the scale-up of the effects observed in a

narrow channel. For validating the Lagrangian models describing particle–wall and inter-particle collisions,

numerical calculations for different particle size and mass loading are compared with measurements by

phase-Doppler anemometry in the developed region of a channel with 35 mm height and 6 m length. The

good agreement between measurements and calculations allow to conclude that the transport phenomena

wall collisions and inter-particle collisions are modelled appropriately.
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1. Introduction

Pneumatic conveying of solid particles in channel or pipe flows is of great technical importance
and is characterised by particle phase segregation due to gravity and particle inertia. Similar two-
phase flow systems are found in cyclone separators and classifiers. Due to the presence of the
confinement in these systems, the collisions of the solid particles with the walls play an essential
role in the particle transport process. The wall collision frequency is directly responsible for the
additional pressure drop due to the solids as a result of the momentum and energy loss involved in
the deformation process (Adam, 1960). Additionally, wall roughness considerably affects the wall
collision process (Tsuji et al., 1987; Sommerfeld and Huber, 1999) and causes an enhancement of
the wall collision frequency in pipes or channels for larger particles. On the other hand, the wall
collision frequency is reduce for smaller particles (sP < 50 ms) as a consequence of wall roughness
(Sommerfeld, 2003).

The particle inertia and the effect of gravity will cause a separation of the mixture, whereby
rather dense ropes of solids may be formed (Yilmaz and Levy, 2001). The increasing local solids
concentration supports the occurrence of inter-particle collisions. This results in a dispersion of
the particles out of a dense rope due the transfer of momentum from the main stream direction
to the transverse component. Hence, collisions between particles may cause a destruction of
dense ropes and therefore also will have a drastic effect of the particle transport in such two-
phase systems. In a previous study by Sommerfeld (2003) both phenomena have been analysed
based on numerical calculations by the Lagrangian approach for a narrow horizontal channel
flow.

The present paper is an extension of this work and introduces results for integral properties of
the particle phase (i.e. averaged across the channel height) in order to easily assess the effect of
wall collisions including different degrees of roughness and inter-particle collisions. For providing
information on the scale-up behaviour of the two phenomena also a higher channel is considered.
Eventually, the numerical calculations are compared with detailed experiments by phase-Doppler
anemometry (PDA) in order to validate both models.

2. Integral properties and angular velocity

In the following section integral effects of wall collisions, wall roughness and inter-particle
collisions on the behaviour of spherical particles with different size and a density of qP ¼ 2:5 g/cm3

in a horizontal channel of 35 mm height and a length of 6 m are introduced. The gas-flow field (i.e.
mean velocity and turbulence) was prescribed for a fully developed channel flow with an average
velocity of 18 m/s and two-way coupling was neglected. This implies that constant profiles of the
mean velocities and mean fluctuating components for the gas-phase are given along the channel.
For the streamwise gas-velocity profile a potential law with an exponent of 1/7 was used. The rms-
values of the fluid velocity fluctuations in the streamwise and lateral directions were taken from
the measurements of Laufer (1950) by accounting for the considered average gas velocity. The
integral time and length scales were determined as described by Sommerfeld (2003). The gas
density was given a value of 1.18 kg/m3 and the dynamic viscosity was selected to be 18.8� 10�6

N s/m2. The particle phase was simulated by the Lagrangian approach using all the relevant forces
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and the models for particle–wall and inter-particle collisions described previously (Sommerfeld,
2003). Calculations were performed for a smooth wall and with high (HR) and low roughness
(LR) as defined by (Sommerfeld, 2003). In the calculations mono-sized particles in the size range
between 30 and 700 lm are considered. The averaged particle response times and estimates of the
particle Stokes numbers calculated with the integral time scale of turbulence on the centre-line are
provided in Table 1 for a channel height of 35 and 70 mm. In order to get statistical reliable data
typically about 20,000 parcels are tracked sequentially through the flow field.

A summary of integral results for cases with and without wall roughness is shown in Fig. 1
using the mass loading as a parameter. For the determination of these data, the particle velocity
was averaged across the channel height after a conveying distance of 6 m and normalised by the
average air velocity. It should be noted, that the numerical calculations with g ¼ 0 are without
inter-particle collisions, whereas all other results account for collisions. It is clear that both, the
increase of particle response time (i.e. particle size) and wall roughness causes a decrease in the
horizontal component of the averaged particle velocity which is the combined action of mo-
mentum loss due to wall collisions and the particle inertia to follow the flow. With increasing
loading for a given situation, only a slight decrease of the mean velocity is observed. Additionally,
the result with a low roughness (Sommerfeld, 2003) shows, as expected, that the average particle
velocity is between the other two cases.

The local average of the particle fluctuating energy may be simply calculated from the following
equation by accounting for the two main velocity components in a two-dimensional situation:

EP ¼ u02P þ v02P
U 2

av

By averaging these local values across the channel in the developed flow one obtains EP av. For
different mass loading and the cases with and without wall roughness, the results are summarised
in Fig. 1(b). First of all it is obvious, that the fluctuating energy of the particles is much lower in

Table 1

Characterisation of particles used for the numerical calculations

Particle diameter

[lm]

Channel 35 mm Channel 70 mm

Averaged particle

response time [ms]

Stokes number [–] Averaged particle

response time [ms]

Stokes number [–]

30 5.4 1.4 5.4 0.71

60 17.6 4.6 18.8 2.5

110 42.6 11.2 47.4 6.2

195 93.0 24.3 104.5 13.8

300 158.0 41.4 182.7 24.0

500 288.6 75.5 334.7 44.0

700 417.2 109.2 488.7 64.3

The particle response time is an average of all particles tracked through the channel and accounts for non-linear drag

(Uav ¼ 18 m/s, g ¼ 1:0, with wall roughness and inter-particle collisions); the Stokes number is defined as St ¼ sP=TL,
where the integral time scale on the centre-line of the channel is used; channel 35 mm: TL ¼ 3:8 ms; channel 70 mm:

TL ¼ 7:6 ms.
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the case without wall roughness than with wall roughness and mostly below the fluctuating energy
of the gas-phase. Moreover, only a slight increase is observed with increasing mass loading. Some
stronger variations are found in the region of the minimum of the wall collision mean free path
where the particle transport changes from saltating motion to a wall to wall bouncing behaviour
(Sommerfeld, 2003).

With wall roughness, a rapid increase of the fluctuating energy with particle response time is
observed up to a value of about 50 ms in this case. Then a maximum is reached and beyond about
100 ms the energy of fluctuation decreases again with response time. This behaviour may be re-
lated to wall collisions and particle inertia. Initially, small particles are strongly dispersed by wall
roughness and one finds very large values of the wall collision mean free path. For larger response
times, the wall collision mean free path remains almost constant and is considerably smaller than
without roughness. Hence, the decrease of fluctuating energy (i.e. beyond sP � 100 ms) is caused
by particle inertia. The effect of inter-particle collisions is very clear for the larger roughness.
Increasing mass loading and hence inter-particle collision frequency, results in a damping of
fluctuation energy due to the dissipation of energy by collisions between particles which are in the
present case of course inelastic. Therefore, also the material of the particles and the collision
properties are of importance. In the present calculations a restitution ratio of 0.9 and a friction

Fig. 1. Calculated average horizontal component of particle mean velocity (a) and associated averaged fluctuating

energy (b) as a function of particle response time, illustrating the effect of wall roughness, HR and LR (g ¼ 0:0 indicates
the result without inter-particle collisions, dashed line: fluctuating energy of the gas-phase, channel height H ¼ 35 mm,

average gas velocity Uav ¼ 18 m/s).
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coefficient of 0.4 was applied. The case with smaller roughness and without inter-particle colli-
sions lies again between the no-roughness and high-roughness case.

As already noted previously by several authors (see Tanaka and Tsuji, 1991; Sommerfeld,
1995), inter-particle collisions will cause the fluctuating velocity of the particle phase to become
more isotropic. In order to demonstrate this effect and to reveal the influence of wall roughness,
the ratio of the fluctuation components for the particles averaged across the channel height is
plotted in dependence of particle response time (Fig. 2). As a parameter, the particle mass loading
is used, which has a direct correlation with the inter-particle collision frequency. Again the result
is considerably different for the case with and without wall roughness.

For a smooth wall, an increase in particle response time is associated first with an increase of
the fluctuation ratio to a maximum value and then followed by a decrease. The maximum is found
in the region where the particles mainly bounce along the lower wall, i.e. one has a strong saltating
motion. Hence, in this regime the particle fluctuation is strongly non-isotropic and the stream-
wise component is dominating. With increasing particle response time the ratio decreases again
and approaches an almost constant value for large particles. A distinct decrease is observed with
increasing mass loading and hence increasing collision frequency over the entire size range con-
sidered. With inter-particle collisions and at higher mass loading the ratio of the particle fluctu-
ation velocity reaches some kind of equilibrium value around 1.5.

Fig. 2. Calculated ratio of particle fluctuating velocity averaged across the channel: (a) smooth channel, (b) channel

with wall roughness, HR (g ¼ 0:0 indicates the result without inter-particle collisions, dashed line: ratio of the gas-phase

fluctuating velocities, H ¼ 35 mm, Uav ¼ 18 m/s).
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With wall roughness, the fluctuating behaviour of the particles is completely different. In the
range of small particles, one finds with increasing response time a drastic drop of the fluctuation
ratio to a minimum value which is with inter-particle collisions and higher loading around a value
of 1.1. Then the ratio increases continuously with particle response time as a result of the irregular
wall bouncing. For a wide range of the considered particle response times, the fluctuating motion
of the particles become more isotropic with increasing mass loading, caused by inter-particle
collisions. However a saturation is reached beyond a mass loading of 1.0.

Eventually, it will be also demonstrated, that the angular velocity of the particles is strongly
affected by wall roughness and inter-particle collisions. For this purpose Fig. 3 shows the angular
velocity averaged across the channel in the region of developed flow. First of all it is obvious, that
the average values are only negative. Per definition the angular velocity becomes positive for a
collision with the upper and negative for a collision with the lower wall. Hence, the negative
angular velocity (i.e. clockwise rotation) implies that the particles will mainly collide with the
lower wall of the channel. Naturally, the near-wall values will be considerably higher for smaller
particles, since the angular velocity induced by a wall collision is proportional to the reciprocal
value of particle size. There exists of course a strong correlation between angular velocity and
particle response time due to the viscous interaction with the fluid. For both cases, i.e. with and
without wall roughness, the modulus of the angular velocity rapidly increases with the response
time. The average angular velocity is higher for the larger particles due to inertial effects, but also
partly resulting from the higher wall collision frequencies (i.e. depending on the case considered).
Additionally, the time scale for the damping of the particle rotation due to the viscous interaction
with the gas increases with particle size. This effect is illustrated in Fig. 4(a) for 30 lm particles and
a rough wall. In the vicinity of the walls these small particles reach very high average angular
velocities. Since the particles interact reasonably well with the air flow, the areas of high angular
velocity are restricted to the near-wall regions. The slightly higher collision rate with the bottom
wall is reflected also in higher negative angular velocities. In the core region the average angular
velocity is almost zero. Even in the case of wall roughness the particle bouncing frequency with
the lower wall is higher and the angular velocity is negative over the entire channel for low mass
loading. The effect of saltating motion is of course stronger without roughness, so that for larger
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Fig. 3. Calculated angular velocity of the particles averaged across the channel for different mass loading and with

(HR) and without wall roughness (H ¼ 35 mm, Uav ¼ 18 m/s).
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particles (i.e. sP > 100 ms) the modulus of the angular velocity is higher without roughness (Fig.
3). The increase of mass loading and hence the increase of the inter-particle collision frequency
causes a considerable reduction in the modulus of the angular velocity especially in case of larger
particles, for both conditions, i.e. with and without wall roughness. This originates from an in-
crease of lateral dispersion due to inter-particle collisions (Sommerfeld, 2003). Hence, the collision
probability with the upper wall increases with mass loading resulting in an increase of particles
with positive angular velocity in the region close to the upper wall as illustrated by Fig. 4(b) and
(c) without and with roughness, respectively. For the highest mass loading considered, almost
symmetric profiles of the angular velocity with respect to the centre line are established, resulting
in low averaged values of the angular velocity given in Fig. 3.

3. Effect of channel height

Additionally, a number of calculations were performed for a larger channel height, namely
H ¼ 70 mm in order to assess the scale-up behaviour of the findings described above. For al-
lowing also developed flow conditions for this case the channel had a length of 12 m. The profiles
of the mean velocity and mean fluctuating velocities are specified in the same way as described
above. Compared to a narrow channel two main effects are observed:

Fig. 4. Calculated profiles of angular velocity for different cases at increasing mass loading in the developed region of

the channel (H ¼ 0:35, Uav ¼ 18 m/s): (a) rough wall (HR), 30 lm particles; (b) smooth wall, 195 lm particles; (c) rough

wall (HR), 195 lm particles.
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• The integral time scale of turbulence is increased and hence the smaller particles should be bet-
ter dispersed by turbulence (Table 1).

• The wall collision frequency for inertial particles is reduced since the distance between the walls
increases and hence the particles have more time to respond to the flow.

These effects are illustrated in Fig. 5 where the trajectories of 60 lm particles in the case of wall
roughness without inter-particle collisions are shown for both channel heights. It should be noted,
that both graphs are not in scale. For the considered condition the wall collision frequency is
considerably higher for the narrow channel (i.e. H ¼ 35 mm) and in the wider channel the sal-
tating motion of the particles is more pronounced. This of course has a dramatic effect on the
averaged profiles of the particle phase properties as shown in Fig. 6 for smaller (60 lm) and larger
(195 lm) particles. The reduction of wall collision frequency for the larger channel of course
results in a decrease of the particle velocity fluctuations (Fig. 6(c) and (d)) and therefore the
particle vertical dispersion is also reduced (Fig. 6(a)). These effects are more pronounced for the
smaller particles. Moreover, the particle mean velocity is higher for the larger channel, since
the reduced wall collision frequency also is coupled with a reduced momentum loss due to wall
collisions (Fig. 6(b)). Additionally, as a result of the reduced transverse dispersion, especially for
the 60 lm particles, the horizontal mean velocity component is closer to that of the gas-phase.
Similarly, the velocity fluctuations for the 60 lm particles become lower than those of the gas-
phase for higher channels. For the large particles, the velocity fluctuations are only slightly lower
in the case of the higher channel, which also results in only small modifications of the profiles of
particle mass flux (Fig. 6(a)).

The integral properties (i.e. averaged across the channel height) for the particle phase fluctu-
ating behaviour are summarised in Fig. 7 for both channel heights, demonstrating again the re-
duced fluctuation energy of the particles in case of larger channels up to a particle response time of
about 300 ms. For larger particles the fluctuating energy becomes about the same, since such
inertial particles bounce from wall to wall in both types of channels. When introducing inter-
particle collisions and increasing mass loading again the fluctuating energy of the particles is
reduced, due to the dissipative nature of particle collisions. Additionally, the fluctuating behav-
iour of particles in the wider channel is more isotropic for response times larger than about 50 ms.
When loading and the importance of inter-particle collisions increase, a further isotropisation of

(a)

(b)

Fig. 5. Calculated particle trajectories in horizontal channels with different height, with wall roughness (HR): (a)

channel height 35 mm, length 6 m; (b) channel height 70 mm, length 12 m (length and height of the graphs correspond

to these dimensions, particle diameter 60 lm, Uav ¼ 18 m/s, g ¼ 0:1).
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the fluctuating motion is observed up to a mass loading of about 1.0. With further increasing
loading a saturation occurs similarly to the narrow channel.

The above results clearly demonstrate, that for an increase of channel height the particle
motion becomes less strongly wall collision dominated. As a consequence their velocity fluctua-
tion is considerably reduced, especially in an intermediate size range (i.e. very small particles are
dominated by turbulence and very large particles governed by inertia). Inter-particle collisions
however, are also important for wider channels and the same phenomena are observed as de-
scribed for the smaller channel.

4. Comparison of measurement and calculation

A reliable modelling of the involved physical processes is essential for a good numerical pre-
diction of the two-phase flow in consideration. The results presented above and by (Sommerfeld,
2003) revealed the importance of the phenomena wall collisions, wall roughness, and inter-particle
collisions. For validating the model developments and improvements, additionally numerical
predictions were performed in accordance with detailed experiments conducted by Kussin and
Sommerfeld (2002) using PDA. In all these calculations two-way coupling effects are neglected

Fig. 6. Calculated profiles of particle phase properties in the developed region of the channel, comparison of results for

different channel height (H ¼ 35 and 70 mm) and particle diameter (DP ¼ 60 and 195 lm): (a) normalised particle mass

flux; (b) horizontal velocity component; (c) horizontal rms-velocity; (d) vertical rms-velocity (closed lines indicate the

prescribed gas velocities, with inter-particle collisions, with wall roughness HR, H ¼ 70 mm, g ¼ 1:0, Uav ¼ 18 m/s).
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since they are of minor importance compared to the other effects as demonstrated by Lain et al.
(2002). Furthermore, these calculations were performed by adjusting the profile of the stream-wise
gas velocity in order to fit the measurements. The profiles of the gas-phase velocity fluctuations
were again taken from Laufer (1950) and adjusted according to the considered mean gas velocity.

In the first case, spherical glass beads with a mean number diameter of 100 lm (qP ¼ 2500 kg/
m3) conveyed with an average gas velocity of 19.7 m/s at a mass loading of g ¼ 1:0 are considered.
The effect of wall roughness is emphasised by comparing the calculated particle phase properties
for both situations (i.e. smooth and rough wall) with the measurements obtained by PDA in Fig.
8. In both cases inter-particle collisions are considered. The agreement of the calculations con-
sidering wall roughness is found to be very good for all the particle phase properties. Somewhat
larger differences are only observed for the stream-wise mean velocity which is slightly under-
predicted over the entire channel. The deviation from the measurements is between 2% and 5%.
Calculations without wall roughness (i.e. smooth wall), but with inter-particle collisions show the
expected trends. The stream-wise component of the particle velocity is considerably over-pre-
dicted due to the reduction of wall collision frequency and the associated decreasing particle
momentum loss and as a consequence of the reduced lateral dispersion the velocity profile
becomes more bulged without roughness. The profile of the normalised particle concentration

Fig. 7. Calculated averaged properties of particle fluctuating velocity across the channel, comparison of results for

different channel height (H ¼ 35 and 70 mm): (a) averaged fluctuating energy; (b) ratio of fluctuating velocity com-

ponents (dashed line: gas-phase fluctuating properties, Uav ¼ 18 m/s).
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Fig. 8. Comparison of calculations using different boundary conditions with experiments (H ¼ 35 mm, Uav ¼ 19:7 m/s,

DP ¼ 100 lm, g ¼ 1:0), (nr: no roughness, wr: with roughness HR, nc: no collisions, co: inter-particle collisions, high

roughness).
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reveals a strong sedimentation of the particles as a result of gravity. The fact that the maximum in
the particle concentration is not near the bottom is solely the result of inter-particle collisions.
Moreover, neglecting wall roughness results in a considerable under-estimation of the fluctuating
velocities of the particle phase, which is most pronounced for the vertical component as shown
previously (Sommerfeld, 2003).

The calculations with wall roughness but without inter-particle collisions show a stronger
sedimentation of the particles in the profiles of the normalised particle concentration compared to
the case with collisions. Since there is no momentum loss due to inter-particle collisions, also the
stream-wise velocity of the particle becomes higher than for the case with collisions in the lower
part of the channel. The horizontal component of the particle rms-velocity is enhanced and the
vertical component is reduced when neglecting particle collisions. This demonstrates clearly the
isotropisation effect of inter-particle collisions.

An interesting phenomenon is observed when inspecting the profiles of the vertical component
of the particle mean velocity (Fig. 9). Without roughness this velocity component is almost zero as
expected for a developed flow. However, with roughness the profile shows a Z-shaped velocity
distribution in the range �0.2 m/s. Near the lower wall a high positive transverse velocity is re-
sulting from the so-called shadow effect whereby the average transverse rebound velocity is higher
than the impact component (Sommerfeld and Huber, 1999). Near the upper wall of course a
negative mean transverse velocity is found. In the region between about 0.1 and 0.9 normalised
wall distances the transverse mean velocity is directed towards the walls. In the experiment a very
similar profile was found and the agreement with the calculations is very good. Since this result
implies still some net transport of the particles it may be concluded, that the flow is not yet fully
developed. Therefore, also a calculation with a much longer channel of 12 m was performed.
However, the result is quite similar to that for the short channel with wall roughness. The
comparison of the normalised concentration profiles for the different calculations revealed that
the observed magnitude of the transverse mean velocity only results in some minor changes
(not shown here). The above described phenomena were also found for other particle sizes in a
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Fig. 9. Comparison of calculations using different boundary conditions with experiments for the transverse particle

mean velocity (H ¼ 35 mm, Uav ¼ 19:7 m/s, DP ¼ 100 lm, g ¼ 1:0), (nr: no roughness, wr: with roughness HR, with

inter-particle collisions, high roughness).
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situation with wall roughness. Hence it seems that although the flow development is improved by
wall roughness, a fully developed situation requires a longer distance.

The effect of inter-particle collisions on the particle phase properties is additionally demon-
strated for a case with a gas-phase bulk velocity of 14.25 m/s and a wall with lower roughness as
shown previously (Sommerfeld, 2003). For such a situation one will expect a more pronounced
gravitational settling for the 100 lm particles. This is illustrated in Fig. 10(a) for a calculation of
the normalised particle concentration obtained with inter-particle collisions in comparison with
measurement at a mass loading of g ¼ 0:1. For these conditions an almost linear increase of the
particle concentration towards the bottom of the channel is found. The agreement of the calcu-
lations with measurements is very good. For a considerable higher mass loading (g ¼ 0:9) inter-
particle collisions have a strong effect on the profile of particle concentration (Fig. 10(b)). The
high particle concentration near the bottom results in an enhancement of the inter-particle col-
lisions whereby the particles are flanged out of the dense bottom region and the maximum in
particle concentration is shifted upward. The agreement between the numerical results and the
measurements is found to be reasonable good. The lower measured concentration values near the
bottom may be caused by a bias effect in the measurements originating from a stronger absorption
of the scattered light at high mass loading, whereby the validated number of particle samples
decreases with increasing optical path length, namely from the top to the bottom of the channel.

Fig. 10. Comparison of profiles for the normalised particle number concentration obtained by calculations with inter-

particle collisions and experiments for the low roughness case (Uav ¼ 14:25 m/s, DP ¼ 100 lm), (a) g ¼ 0:1, (b) g ¼ 0:9.
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For completeness, also the calculated mean and fluctuating velocities of the particles in the case
of a mass loading of g ¼ 0:1 are compared with measurements in Fig. 11. The mean velocity
profile is captured fairly good by the numerical results. However, some larger discrepancies are
revealed for the particle phase fluctuations. The stream-wise component is slightly over-predicted
near the bottom of the channel and under-predicted in the upper half of the channel. On the other
hand the shape of the profile is captured very well, namely near the bottom the fluctuation velocity
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Fig. 11. Comparison of calculations without and with inter-particle collisions and the experiments for the low

roughness case (H ¼ 35 mm, Uav ¼ 14:25 m/s, DP ¼ 100 lm, g ¼ 0:1).
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is considerably higher than near the upper wall of the channel. This is the result of the saltating
motion of particles as indicated previously by the particle trajectories (Sommerfeld, 2003). The
vertical component of the particles fluctuating velocity is considerably under-predicted for this
case which is supposed to be a bias effect in the measurements and was also observed in a number
of other cases. The comparison of calculations without and with inter-particle collisions reveals
only smaller differences in the fluctuating components. A slight enhancement is however obvious
for the stream-wise component of the particle fluctuation.

The differences between experiment and calculation explained above, become also clear when
comparing the velocity distributions at two measurement positions close to the bottom of the
channel (Fig. 12). The distributions for the stream-wise particle velocity are captured fairly well
and also reveal the slight under-prediction of the rms-value near the bottom. A kind of bimodal
velocity distribution, indicating the momentum loss of the particles due to wall collisions, is
observed in the numerical calculations, but not in the experiment. The distributions of the
transverse particle velocity exhibit no bimodal shape as one would expect (Fig. 13), since particles
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Fig. 12. Comparison of the calculated and measured velocity distributions in the stream-wise direction at two vertical

positions for low roughness and with inter-particle collisions (H ¼ 35 mm, Uav ¼ 14:25 m/s, DP ¼ 100 lm, g ¼ 0:1):
(a) y=H ¼ 0:06, (b) y=H ¼ 0:31.
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Fig. 13. Comparison of the calculated and measured velocity distributions in the transverse direction at two vertical

positions for low roughness and with inter-particle collisions (H ¼ 35 mm, Uav ¼ 14:25 m/s, DP ¼ 100 lm, g ¼ 0:1):
(a) y=H ¼ 0:06; (b) y=H ¼ 0:31.
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Fig. 14. Comparison of calculations without and with inter-particle collisions and the experiments for a low roughness

case (H ¼ 35 mm, Uav ¼ 19:7 m/s, DP ¼ 625 lm, g ¼ 2:0, Dc ¼ 1:8).
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are sampled moving towards the wall and being rebound. Instead the velocity is distributed
around zero with a steep increase on the negative side and a more continuous decay on the
positive side. This is similar for both, the calculations and the experiment. As a result of the
measured higher rms-values also the velocity distributions are wider in the experiment than in
the computations.

Eventually, a comparison of calculation and measurement is also performed for spherical glass
beads with a diameter of 625 lm (Fig. 14). It should be noted that for this case the wall roughness
was between the high and low roughness values given previously (Sommerfeld, 2003). Hence, a
roughness angle of Dc ¼ 1:8� was found to be suitable for this case. It is expected that such large
particles are dominantly affected by wall- and inter-particle collisions. The comparison with the
experiment shows excellent agreement if inter-particle collisions are taken into account for
the normalised concentration, the stream-wise mean and the associated fluctuating velocity. The
transverse fluctuating velocity of the particles however, is found to be considerably higher in the
measurements. When neglecting inter-particle collisions a slight decrease of the transverse fluc-
tuating component is found, whereas the mainstream component becomes considerably higher.
This again reveals the isotropisation effect of inter-particles collisions. As one would expect the
horizontal component of the particle mean velocity is slightly enhanced when neglecting inter-
particle collisions. Finally it is demonstrated that the particle angular mean velocity is strongly
affected by inter-particle collisions (Fig. 14). Collisions with the lower wall are prevailing when
neglecting inter-particle collisions and the mean angular velocity is almost constant across the
channel with values around )8000 1/s. Due to particle collisions, the particle fluctuation in the
transverse direction is slightly enhanced and the lateral dispersion is improved. This increases
the probability of particles hitting the upper wall, whereby the contribution of positive values for
the angular velocity increases and hence, the mean values are drastically increased across the
channel. Unfortunately, it was not possible to measure the particle angular velocity.

The comparison of the calculations with the experiments revealed that the agreement is sat-
isfactorily for most cases, indicating that the important transport phenomena, namely wall col-
lisions, wall roughness, and inter-particle collisions are properly described by the developed
models.

5. Conclusion

Based on numerical calculations using the Lagrangian approach including appropriate models
for wall- and inter-particle collisions, the influence of both phenomena on integral properties
averaged over the channel height was demonstrated. Wall roughness has a dramatic effect on the
average transport velocity of the particles which is reduced with increasing degree of roughness.
This of course has a consequence for the pressure loss in pneumatic conveying. Additionally, the
fluctuating energy of the particles is enhanced by wall roughness. Especially for a rough wall inter-
particle collisions again reduce the fluctuating motion in average due to the associated dissipation
of energy.

Also the angular particle velocity is strongly affected by both wall collisions including rough-
ness and inter-particle collisions. This influence is mainly associated with the modification of the
particles lateral dispersion and the relative importance of the wall collision frequency with the
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upper and the lower wall. For inertial particles, which perform a saltating motion, the angular
velocity has high negative values due to preferential collisions with the lower wall. While with
roughness the probability of hitting the upper wall increases the contribution of positive angular
velocities, whereby the mean value is increased over the entire channel. Similar effects are observed
due to inter-particle collisions.

Numerical calculations for a channel with a larger height revealed that the importance of wall
collisions and hence wall roughness decreases, especially for smaller particles. This results in
higher stream-wise mean velocities of the particles and a reduction in the fluctuating velocities.
With increasing particle inertia the behaviour of the particle motion in a narrow or wider channel
becomes roughly the same and wall collisions are the dominating transport effect.

The comparison of the calculations with detailed measurements using PDA for different con-
veying velocity, particle sizes, and mass loading showed in general an excellent agreement, indi-
cating a correct modelling of the involved transport processes, namely particle–wall collisions and
inter-particle collisions. The isotropisation of the particle phase fluctuation due to inter-particle
collisions was clearly demonstrated.
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