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Abstract Detailed measurements in a developed particle-
laden horizontal channel flow (length 6 m, height 35 mm,
the length is about 170 channel heights) are presented
using phase-Doppler anemometry for simultaneous de-
termination of air and particle velocity. The particles were
spherical glass beads with mean diameters in the range of
60 lm–1 mm. The conveying velocity could be varied
between about 10 m/s and 25 m/s, and the particle mass
loading could reach values of about 2 (the mass loading is
defined as the ratio of particle to gas phase mass flow
rates), depending on particle size. For the first time, the
degree of wall roughness could be modified by exchanging
the wall plates. The influence of these parameters and the7
effect of inter-particle collisions on the profiles of particle
mean and fluctuating velocities and the normalised con-
centration in the developed flow were examined. It was
shown that wall roughness decreases the particle mean
velocity and enhances fluctuating velocities due to irreg-
ular wall bouncing and an increase in wall collision fre-
quency, i.e. reduction in mean free path. Thereby, the
larger particles are mainly more uniformly distributed
across the channel, and gravitational settling is reduced.
Both components of the particle velocity fluctuation were
reduced with increasing mass loading due to inter-particle
collisions and the momentum loss involved. Moreover, the
effect of the particles on the air flow and the turbulent
fluctuations was studied on the basis of profiles in the
developed flow and turbulence spectra determined for the
streamwise velocity component. In addition to the effect of
particle size and mass loading on turbulence modulation,
the influence of wall roughness was analysed. It was
clearly shown that increasing wall roughness also results
in a stronger turbulence dissipation due to two-way
coupling.

1
Introduction
Confined gas–solid flows are frequently found in industrial
and chemical process technology. As a result of the com-
plex micro-physical phenomena affecting the particle
motion, such as turbulent dispersion, wall collisions, inter-
particle collisions and flow modulation by the particles, a
confident numerical prediction is rather sophisticated. An
essential requirement is reliable experiments which may
be used as a basis for model development and refinement
and also for validating numerical calculations. However, at
higher particle mass loading, e.g. in the range of 0.5–2 (the
mass loading g is defined as the ratio of particle to gas
phase mass flow rates), most of the phenomena described
above are already strongly coupled. Hence, experiments
for the independent analysis of the above-mentioned mi-
cro-processes are very difficult or even impossible.

A number of studies have been published in the past
which are devoted to particle-laden pipe and channel flows
with different boundary conditions. In one of the early
investigations, the behaviour of rather large glass and
copper beads in a long, narrow horizontal channel
(channel length: 230 channel heights) made of glass was
studied (Matsumoto and Saito 1970). The particle mass
loading in these studies was kept mainly at around 0.5.
However, the resulting relatively low number density (cn,
particles per unit volume) allowed the collision of particles
with the walls to be analysed using cinematographic
photography. This method also was the basis for the de-
termination of the particles’ angular velocity due to wall
collisions. Even though rather large particles were con-
sidered, values of up to 2,000 r.p.s. were measured. Ver-
tical profiles of the particle number density for different
flow conditions showed a considerable increase towards
the bottom of the channel which was associated with the
action of gravity. The particle velocity was found to be
almost constant across the channel.

In the studies of Burmester De Bessa Ribas et al. (1980),
some experiments on a particle-laden flow in a rectangular
horizontal channel were introduced for validating nu-
merical predictions by a Monte Carlo kinetic model. The
particles were glass beads with mean diameters of less than
0.5 mm. The particle mass loading was varied up to 3, and
an average gas phase velocity in the range of 5–15 m/s was
considered. The results demonstrate the effect of convey-
ing velocity, particle size and mass loading on the estab-
lished vertical profiles of solids concentration (cn) and the
effect of two-way coupling, namely the deformation of the
profile of the horizontal gas velocity component. The main
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emphasis in these studies, however, was related to the
validation of the numerical model, which did not consider
wall roughness, but inter-particle collisions.

A very detailed set of experiments was provided by
Tsuji and Morikawa (1982) and Tsuji et al. (1984) for a
gas–solid flow in narrow horizontal and vertical glass
pipes. The test section length was 100 and 144 pipe di-
ameters for the horizontal and vertical pipe, respectively.
In both experiments, polystyrene spheres with a wide
range of different mean diameters were used. The average
gas velocity was varied in the range of 5 m/s to about
20 m/s, and the particle mass loading could exceed values
of about 6. For the measurement of particle and gas ve-
locity in the presence of the particles laser-Doppler ane-
mometry was applied. The presented results focus on the
two-way coupling effects in gas–solid flows. In both cases,
the influence of particle size and mass loading on the
streamwise mean velocity profiles of the gas phase was
analysed. For the horizontal pipe a strong asymmetry was
found for higher mass loading, i.e. above about 2, espe-
cially for the larger particles. Additionally, the papers
provide detailed results on turbulence modulation. It was
clearly demonstrated that large particles enhance turbu-
lence considerably, whereas small particles damp turbu-
lence. The data of Tsuji and Morikawa (1982) and Tsuji et al.
(1984) were often used to characterise and parameterise
turbulence modulation in gas–solid flows (Gore and Crowe
1989; Crowe 2000). In addition, Tsuji and Morikawa (1982)
and Tsuji et al. (1984) presented turbulence spectra
measured in the presence of the particle phase.

Kulick et al. (1994) experimentally analysed a downward
directed gas–solid flow in a channel 40 mm high using a
centreline gas velocity of about 10.5 m/s. The channel had a
length of 130 channel heights, and a sophisticated feeding
system was used, in order to ensure a homogeneous dis-
persion of the particles. The particles used in the experiment
were Lycopodium particles and glass and copper beads with
small diameters so that turbulence reduction was observed.
Using these particles, a range of particle Stokes numbers, i.e.
the ratio of particle response time to the turbulent time scale
of the flow, St=sp/TL, could be considered. The main ob-
jective in this study was the analysis of turbulence modu-
lation considering particle mass loading up to about 0.5.
Unfortunately, the experiments were not done carefully
enough with regard to wall boundary conditions, since the
upper part of the test section consisted of coated wood
plates, while a larger test section made of acrylic glass was
used. Hence, the particle motion was far from being devel-
oped, as the wall collision properties completely change
some distance above the measurement location. Since a
channel flow is dominated by wall collisions (Sommerfeld
2000), a change in wall material can drastically affect the
results, which was shown by several authors using, for ex-
ample, large eddy simulations (e.g. Yamamoto et al. 2001).
These simulations predict the correct behaviour in a
downward flow, namely the particles move at a higher mean
streamwise velocity than the gas flow. In the experiments on
the other hand, the particle velocity was lower than the gas
velocity (Kulick et al. 1994).

Recently, detailed studies on turbulence modification
by particles in a vertical pipe were also performed by

Varaksin et al. (1998, 1999). Unfortunately, a rather short
test section of only 23 pipe diameters was used in the
experiments. Small spherical glass beads were mainly used
with a mass loading up to about 1. Based on the velocity
measurements by laser-Doppler anemometry, a model was
proposed, which describes all the data obtained on tur-
bulence reduction by one non-dimensional parameter
(Varaksin et al. 1998).

In order to provide experimental data for the validation
of a Lagrangian wall collision model with wall roughness
effects, Sommerfeld and Huber (1999) performed mea-
surements in a narrow horizontal channel. A chopped
Ar:ion laser was used to measure the change in particle
velocity during a wall collision process based on the so-
called streakline technique. Different wall materials were
considered, such as stainless steel, polished steel, Plexiglas
and rubber. The particles used were spherical glass beads
with a diameter of 0.1 and 0.5 mm, respectively, and non-
spherical quartz sand with a mean diameter of about
100 lm. The statistical averaged parameters for up to
5,000 single events allowed an improvement and detailed
validation of the proposed stochastic wall collision model
(Sommerfeld and Zivkovic 1992; Sommerfeld 1998; Huber
and Sommerfeld 1998; Sommerfeld and Huber 1999).

Detailed experiments in different pipe elements 80 and
150 mm in diameter were performed using phase-Doppler
anemometry (PDA) and a laser light sheet technique for
particle concentration measurements by Huber and
Sommerfeld (1994, 1998). The use of fine spherical seeding
particles allowed measurement of gas and particle phase
velocities simultaneously by the discrimination method
proposed by Qiu et al. (1991). The particles were spherical
glass beads with number mean diameters of 40 and
100 lm, respectively. A mass loading up to about 2 could
be analysed in these studies. The experiments provided
detailed information about the development of the cross-
sectional particle concentration in different pipe elements.
It was clearly demonstrated that wall roughness plays a
significant role in the development of the particle con-
centration in different cross-sections of the pipe system by
comparing results obtained with glass and stainless steel
pipes. In horizontal pipes, the effect of gravitational set-
tling is strongly reduced by wall roughness (Sommerfeld
and Zivkovic 1992; Huber and Sommerfeld 1998). This is
the result of the resuspension of the particles by wall
roughness, caused by the fact that on average the rebound
angle becomes larger than the impact angle for small
particle trajectory angles, which are typical for pipe and
channel flows (Sommerfeld and Huber 1999). As a con-
sequence of the roughness, the wall collision frequency
and the resulting pressure loss increased (Huber and
Sommerfeld 1998). The latter is very important for the
practical design of pneumatic conveying systems. Also, the
numerical calculations with a simplified version of the wall
collision model (Sommerfeld 1992), compared with that
recently elaborated by Sommerfeld and Huber (1999),
showed reasonable agreement with the experiments for
particle concentration and velocity profiles in horizontal
pipes.

However, a more generalised version of the wall colli-
sion model requires further experiments with different

144



levels of wall roughness. In addition, the other physical
effects, such as inter-particle collisions and flow modula-
tion, need to be carefully elucidated in order to interpret
the experimental results. Therefore, a detailed
experimental study on the particle behaviour in a particle-
laden horizontal channel was performed. The horizontal
channel was chosen, since gravitational settling causes an
increase in particle concentration near the bottom. Hence,
both wall roughness and inter-particle collisions will have
a pronounced effect on the vertical profiles of particle
concentration. In these studies, all relevant parameters
were considered and varied, such as particle mass loading,
particle size and average conveying velocity. For the first
time, the importance of different degrees of wall roughness
on the transport behaviour of the particle phase was
analysed. It should be emphasised that the present ex-
periments were only performed for spherical particles in
the size range between 0.06 and 1.0 mm. Section 2 of the
present paper contains a description of the experimental
facility and Sect. 3 describes the applied optical instru-
mentation, namely PDA. The results of the measurements
are presented in Sects. 4, 5 and 6, where the latter con-
centrates on the analysis of turbulence modulation.

2
Test facility
The entire test facility is shown in Fig. 1. The main com-
ponent of the test facility was a horizontal channel 6 m long
(about 170 channel heights), with a height H=35 mm and a
width of 350 mm, so that almost two-dimensional flow
conditions can be established in the core of the channel. This
was validated by measuring vertical profiles of the air ve-
locity at several lateral positions. For two air velocity profiles
measured at ±60 mm lateral position from the core, the
difference in the velocity values was less than 2%. The upper
and lower channel walls were made of stainless steel plates

which could be exchanged in order to study the effect of wall
material and wall roughness on the particle behaviour. More
information on the wall roughness structure will be pro-
vided below. The measurements were performed close to the
end of the channel at a distance of 5.8 m from the entrance,
to ensure almost fully developed flow conditions. In order to
allow optical access for the phase-Doppler anemometer, the
side walls were made of glass plates, and a glass window of
40 mm by 350 mm was inserted in the top wall. This window
was mounted flush with the inner side of the wall plate to
minimise disturbances. Also, the particle properties mea-
sured at this location will not be strongly affected, since
particles are sampled which were rebound from the stainless
steel walls at upstream locations. The numerical calculations
of Sommerfeld (submitted, 2002) have shown that the mean
free path between wall collisions kW is around 0.5–1.0 m,
depending on particle size and degree of wall roughness.

The required air flow rate was provide by two roots
blowers mounted in parallel with nominal flow rates of
1,002 m3/h and 507 m3/h, respectively. The blowers were
connected with the test section using a 130-mm-pipe. Just
before the channel, a mixing chamber for injecting the
particles and a flow conditioning section were mounted,
where the cross-section changes from circular to rectan-
gular. Additionally, several sieves were inserted in this
section in order to ensure homogeneous flow conditions at
the entrance of the channel. In a straight section of 2 m
before the mixing chamber, a flow meter and temperature,
humidity and pressure sensors were installed. The flow
rate was adjusted to be almost constant during each set of
measurements with varying particle mass loading. The air
temperature was on average around 30�C in all the mea-
surements. In the results presented, three average air ve-
locities Uav were considered. The characteristic properties
of the single-phase channel flow are summarised in
Table 1. The channel Reynolds number ReH is defined as:

ReH ¼ qHUav

l

For the determination of the Reynolds number, an air
density of q=1.15 kg/m3 and a dynamic viscosity of
l=18.62·10–6 N s/m2 were used. The integral time scale of
turbulence (TL) on the centre of the channel was estimated
from the following approximate relations for the turbulent
kinetic energy k, and the dissipation rate � in the following
way (Milojevic 1990):

TL ¼ 2

9

k

e
k ¼ 0:5 u2

rms þ 2v2
rms

� �

e ¼ C0:75
l

k1:5

lmFig. 1. Sketch of the horizontal channel test facility with the main
components

Table 1. Characteristic proper-
ties of the single-phase channel
flow for different Reynolds
numbers

Average air
velocity (m/s)

Channel Reynolds
number

Integral time scale
on centreline (ms)

Kolmogorov time scale,
centreline (ms)

14.25 30,805 5.0 0.87
19.7 42,585 3.7 0.54
26.5 57,284 3.1 0.41

145



Here, the fluctuating velocities of air in the streamwise and
transverse direction, urms and vrms, were obtained from the
measurements on the centreline and the dissipation rate
was estimated with Cl=0.09 and a mixing length of
lm/H=0.07 (Schlichting 1965). The Kolmogorov time scale
sK was calculated according to:

sK ¼ m
e

� �1=2

where m is the kinematic viscosity of air.
For feeding the particle material into the mixing

chamber, a screw feeder (K-TRON, Type K2MV S60) was
used, whereby the particle mass flow rate could be ad-
justed accordingly. In order to ensure continuous particle
feeding, the air was injected into the mixing chamber
through a converging nozzle, whereby a lower pressure
and a high velocity were established. The resulting jet
entered the exit pipe of the mixing chamber on the op-
posite side. This procedure also ensured a good dispersion
of particles and tracer, and possible agglomerates were
destroyed.

A 90� bend was mounted at the end of the channel. It
was connected to a flow passage where the cross-section
changes from rectangular to circular. A flexible pipe was
used for conveying the gas–particle mixture to a cyclone
separator. The separated particles were reinjected into the
reservoir of the particle feeder through a bucket wheel.
Finally, the air from the cyclone passed through a bag-
filter with pulse-jet cleaning, in order to remove very fine
particles (mainly the tracer particles) and was released into
the environment.

The particles used in the experiment were spherical
glass beads with different mean diameters Dp and size
distribution as summarised in Table 2. The size distribu-
tions were obtained by using a phase-Doppler anemometer
with an optical configuration described below. It should be
mentioned that in addition 1-mm glass beads were used.
However, owing to the limited sizing range of the phase-
Doppler anemometer, only the air velocity was measured
in this case. Moreover, it should be mentioned that rather
large particles were used so that adhesion forces were not
of great importance and the particles could be easily dis-
persed. Also, in the considered range of air velocities, no
sticking of the particles on the walls or formation of ropes
on the bottom wall of the channel could be observed. Such
phenomena are only observed at lower air velocity.

For providing an impression about the particles re-
sponse characteristics to the turbulent fluctuations of the
air phase, particle Stokes numbers are also given in

Table 2 for the flow with ReH=42,585. The particle re-
sponse time sp was calculated by:

sp ¼
qpD2

p

18lfd

where qp is the particle material density, Dp the particle
diameter and fd ¼ 1:0 þ 0:15Re0:687

P is the non-linear term
of the particle drag coefficient, which was calculated in an
iterative way by using the terminal velocity of the particles
Up,¥ in the particle Reynolds number:

Rep ¼ qDpUp;1
l

As the characteristic time scale of turbulence, the integral
time scale TL on the centre of the channel for single-phase
flow was selected as described above. The results in
Table 2 show that the Stokes number for the smallest
particles (60 lm) is 5.01, indicating that their motion is
not very strongly affected by turbulence. For the 625-lm
particles, the Stokes number is about 386, hence they will
be not influenced by turbulence. During the experiments,
no considerable degradation or erosion of the particles was
observed, so that resulting errors in the PDA measurement
could be excluded. Nevertheless, the particle material was
frequently renewed.

For the experiments, stainless steel walls (upper and
lower wall along the entire channel) with two degrees of
wall roughness were used, namely plates with low (R1) and
high (R2) degree of roughness. Typical roughness profiles
are shown in Fig. 2, obtained by a Paertometer (Type S3P)
which mechanically scans the surface. By numerically
scanning this roughness profile with different sampling
distance, one can obtain the degree of roughness experi-
enced by different sized particles, as demonstrated by
Sommerfeld and Huber (1999). The relevant roughness
dimension is the average value of the difference between
neighbouring maxima and minima of the roughness
structure. These values are summarised in Table 3 for the
streamwise and lateral directions (Rx and Ry), together
with the respective maximum values (Rx,max and Ry,max).

With the test facility described above, average air ve-
locities up to 30 m/s and a particle mass loading up to
about 2 could be established. However, it should be noted
that, for smaller particles, a higher loading could not be
considered due to the resulting high particle number
density cn and the limits for the application of optical
measurement techniques. In order to maintain a constant
air flow rate with variation in mass loading, the air flow rate

Table 2. Characteristic diameters and properties of the different spherical glass beads (material density qp=2500 kg/m3) used in the ex-
periment (the particle Stokes number was calculated based on the integral time scale on the centreline of the channel for an average air velocity
of 19.7 m/s)

Particle nominal
size (lm)

Particle size
range (lm)

Number mean
diameter (lm)

Standard
deviation (lm)

Sample size range
for velocity
measurements (lm)

Particle response
time (ms)

Particle Stokes
number

60 25–75 52 9.6 45–65 18.3 5.01
100 70–130 100 14.5 90–110 63.0 17.2
190 130–230 190 21.5 180–210 189.0 51.7
625 470–800 625 59.0 530–700 1410.0 386.0
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was readjusted for each experiment. The maximum varia-
tion in the air flow rate for one series of measurements with
constant air velocity and varying particle mass loading was
about 2.5%. The air temperature at the channel entrance
varied between about 25 and 35�C, depending on the en-
vironmental temperature. For an almost constant ambient
pressure, this resulted in an air density variation of about
±1.7% around a mean value of 1.15 kg/m3. The particle
flow rate from the screw feeder was subject to some fluc-
tuations due to the feeding screw, but became almost
constant as a result of the mixing chamber design. The
repeatability of the measurements was in the range as ex-
pected from variations in temperature and air flow rate.

3
Instrumentation
For the simultaneous measurement of both, particle phase
and continuous phase properties, PDA was applied. The
PDA technique allowed the time-averaged velocities of
both phases to be determined with a good spatial resolu-
tion, and additionally, the local particle size distribution.
In order to allow for a measurement of the continuous
phase velocities in the presence of the particles, spherical
seeding particles (Ballotini 10002A) were added to the flow
with a nominal size of about 4 lm. This was accomplished
by mixing the tracer particles with the dispersed phase
particles in the reservoir of the particle feeder. The dis-
crimination procedure was based on size measurement
according to Qiu et al. (1991) and will be described in
more detail below.

The transmitting and receiving optics of the two-com-
ponent PDA (Dantec Fiber PDA) were mounted on a
common, computer-controlled traversing system as illus-
trated in Fig. 3. In order to ensure high scattering inten-
sities for the tracer particles, the receiver was mounted at a
scattering angle of 33.5�. At this angle, a fairly linear
phase–size relation is established, as demonstrated by
Sommerfeld and Tropea (1999) using Mie calculations.
Vertical profiles of the properties of both phases were
measured close to the end of the channel (5.8 m from the
entrance) in the middle plane. The measurement of the
horizontal and vertical components of the velocities of
both phases up to the lower and upper channel walls was
only possible, however, by tilting the entire traversing
system. Therefore, both sides of a horizontal traversing bar
carrying the transmitting and receiving fibre probes could
be moved independently. Measurements near the upper
wall were performed by turning the traversing system in
such a way that the upper beam for measuring the vertical
velocity component was parallel to the channel wall. Near
the centre of the channel, the traversing system was tilted
by computer control, so that the lower beam was parallel
to the lower wall (Fig. 3). Hence, completely computer-
controlled measurements were possible across the channel
height.

The optical configuration of the PDA system was se-
lected according to the particle sizes considered. For the
different experiments, a 500-mm transmitting lens and a
400-mm receiving lens were used. The sizing range could
be changed by inserting different masks in the receiver,
whereby the elevation angle of the three detectors could be
varied. For glass beads with a refractive index of 1.51, a
sizing range of 266 lm was possible with mask A and
1,032 lm with mask C. The optical parameters of the PDA
system are summarised in Table 4 for both components.

A typical measurement of the combined size distribu-
tion of tracer particles and dispersed phase particles is
shown in Fig. 4 together with the size–velocity correlation
for three locations in the channel, i.e. in the centre of the
channel and 0.03 and 0.29 channel heights from the bot-
tom wall. The vertical axis indicates the number of vali-
dated samples for the different size classes. At each
measurement point, a sufficiently large number of samples
(minimum 8,000 samples for each phase; see Fig. 4) were
collected, in order to allow for statistically reliable mea-
surements (small confidence levels of mean and rms val-
ues) of the mean and fluctuating velocity components of
both phases. From Fig. 4, it is obvious that a clear sepa-
ration of the size distributions of tracer and dispersed
phase particles is possible. The comparison of the number
of samples for the tracer particles collected at different
locations shows a decrease when the optical path length
for the receiving optics increases in the two-phase flow and

Fig. 2a, b. Measured profiles of surface roughness for a stainless steel
plate: a low degree of roughness (R1); b high degree of roughness (R2)
(both axes are linear, and the values specified on the axis indicate
exactly the entire length of the horizontal and vertical axis)

Table 3. Wall roughness char-
acteristics of the two different
stainless steel walls used in the
experiments (Rx, Ry mean val-
ues; Rx,max, Ry,max maximum
values)

Degree of wall roughness Streamwise direction (x) Transverse direction (y)

Rx (lm) Rx,max (lm) Ry (lm) Ry,max (lm)

Low roughness R1 4.26 6.94 3.47 4.04
High roughness R2 6.83 8.32 6.89 7.83
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the measurement location moves towards the bottom of
the channel (see Fig. 3). This shows the effect of light
absorption by the dispersed phase particles, which causes
a decrease in the data rate for the tracer. The velocity
information for the air phase was obtained from particles
smaller than 7 lm. The size–velocity correlation shows
that, in the first two size classes, the axial velocity com-
ponent is almost constant and hence, represents the air
velocity correctly. Even in the vicinity of the wall with
small turbulent time scales and large velocity gradients,
the variation in the tracer velocity in the size range up to
7 lm was found to be less than 1% (Fig. 4c). Also, the
mean and fluctuating velocities of the particles were not
determined over the entire size range, but only in a certain
range around the maximum of the respective size distri-
bution. In Table 2, the sample size range for the different
particles used in the experiment is summarised.

Since the commercial PDA-software did not allow for
accurate determination of particle concentration, the raw
data were reprocessed after the measurements in order to
allow a better estimation of this value across the channel.
Essential for concentration measurements is the estima-
tion of the probe volume cross-section as a function of the

direction of particle motion (Sommerfeld and Qiu 1995).
As the particle motion may be considered to be essentially
two-dimensional in the channel flow considered, and a
two-component PDA system was used, the cross-section of
the probe volume perpendicular to the particle motion is
determined from (Zhang and Ziada 2000):

Ap? ¼ p
4

d2
e

1

tan u

vp

up

����
����þ deL

where de is the diameter of the probe volume given by the
e–1 value of the light intensity distribution, u is the off-axis

Table 4. Optical parameters of the PDA system

Transmitting lens 500 mm
Receiving lens 400 mm
Beam separation 35 mm
Wavelength of green laser beam 514.5 nm
Wavelength of blue laser beam 488 nm
Gaussian beam diameter 1.35 mm
Fringe spacing of green laser beam 7.35 lm
Fringe spacing of blue laser beam 6.97 lm
Probe volume length of green laser beam 6.936 mm
Probe volume length of blue laser beam 6.579 mm
Probe volume diameter of green laser beam 0.243 mm
Probe volume diameter of blue laser beam 0.230 mm
Velocity range green (u-component) ±44.1 m/s
Velocity range blue (u-component) ±4.19 m/s
Scattering angle 33.5�
Particle refractive index 1.51
Sizing range mask A 266 lm

Fig. 3. Installation of the PDA on the computer-controlled traversing
system

Fig. 4a–c. Size distribution of tracer and dispersed phase particles
(vertical bars) together with the size velocity correlation (lines with
symbols): a y/H=0.5, centre of the channel; b y/H=0.29; c y/H=0.03
(Uav=19.7 m/s; 100-lm glass beads; g=0.3; low roughness R1; y
distance from lower wall)
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angle of the receiver, L is the length of the probe volume
imaged onto the receiving optics, vp is the instantaneous
transverse particle velocity component (perpendicular to
the main stream component), and up is the absolute value
of the two relevant particle velocity components (stream-
wise and transverse component). Since rather large and
almost monodisperse particles are considered, the varia-
tion in the probe volume cross-section with particle size
was not accounted for. Hence, the number concentration
of the particles cn was calculated with the number of
samples (Np) and the total measurement time (Tsamp) in
the following way:

cn ¼ Np

1
Np

PNp

i¼1

Ap?
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

p þ v2
p

q� �
Tsamp

Here up and vp are the components of the instantaneous
particle velocity in the streamwise and transverse direc-
tion, respectively. Since rejected Doppler signals were ig-
nored in this evaluation, the absolute values of the
measured particle concentration are not very reliable.
Therefore, the results on particle number concentration cn

are presented as normalised values, i.e. the measured
number concentration is always divided by the measured
average value obtained across the channel cn,av.

4
Single-phase flow
In order to prove the quality of the established channel
flow, air-phase measurements were compared with data
from the literature. Similar to Kulick et al. (1994), the
present velocity measurements were compared with the
experiments of Hussain and Reynolds (1975) and the
large-eddy simulations (LES) of Moin and Kim (1982) as
shown in Fig. 5. The LES data were chosen, since the
channel Reynolds number was in the range of the present
experiments, namely about 25,000. The mean streamwise
component of the air velocity is normalised by the friction
velocity Uz which is obtained from (Hussain and Reynolds
1975):

Us

U0
¼ 0:1079Re�0:089

h

Here U0 is the centreline mean velocity and the channel
Reynolds number Reh is obtained with the half channel
height h=H/2 in this case. The normalised wall coordinate
is given by:

yþ ¼ yUs

m

For clarity, the streamwise rms velocity fluctuation urms is
normalised by the centreline air velocity U0, and the wall
distance y by the half channel height h. The profile of the
streamwise mean velocity agrees well with the previous
measurements (Hussain and Reynolds 1975) and the LES
(Moin and Kim 1982). It should be noted that the present
measurements were not performed to resolve the particle
behaviour in the vicinity of the walls. Therefore, the fluid
and also the particle velocity were obtained up to a loca-

tion of about 1 mm from the wall. In Fig. 5b, the measured
streamwise rms velocity fluctuation is compared with the
literature data. The agreement is reasonably good, espe-
cially for normalised wall distances smaller than about 0.6.
The larger mean fluctuating velocities in the core of the
channel (about 30% larger than the LES and 13% larger
than the experiments) are presumed to be caused by the
higher wall roughness considered in the present studies.
These measurements were performed with the higher
roughness R2.

5
Two-phase results
Two-phase flow experiments were performed in order to
analyse the influence of the following parameters on the
particle phase properties (mean velocity, fluctuating ve-
locities and concentration) and the modulation of the air
flow (air mean velocities and turbulence):

• Particle mass loading;
• Particle size and size distribution;
• Air flow rate, i.e. conveying velocity;
• The degree of wall roughness and wall material.

In all the profiles presented, the streamwise and lateral
mean velocities (U, V and Up, Vp) and the associated

Fig. 5a, b. Comparison of single-phase velocity measurements with
literature data obtained from measurements (Hussain and Reynolds
1975) and LES (Moin and Kim 1982): a normalised streamwise mean
velocity; b normalised streamwise rms velocity fluctuation (average
gas velocity on centreline U0 = 21.77 m/s; high roughness R2)
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fluctuating components (urms, vrms and up,rms, vp, rms) for
both phases are normalised by the average single-phase air
velocity Uav. The particle number density cn is normalised
by the average number density cn,av for the considered
mass loading. It should be noted that all cases with dif-
ferent mass loading g, specified in the legend, are not

shown in the graphs for clarity. A typical set of measure-
ments for the 100-lm particles and the low roughness wall
(R1), illustrating the effect of mass loading, is shown in
Fig. 6. This is a case where a relatively strong turbulence
attenuation is observed. The profiles of the air and particle
velocity in the horizontal direction (U and Up) indicate
that the particles are slower than the air phase in the core
region, which is the result of particle inertia. The trans-
verse dispersion of the particles and their slip boundary
condition at the walls give velocities higher than that of the
air phase in the near-wall region. Hence, for such a con-
dition, the slip-shear lift force will act towards the wall in
the near-wall region and towards the centre in the core of
the channel (Sommerfeld 1996). With increasing mass
loading g, the air velocity profile is flattened as a results of
the increased coupling between the phases. The reduction
in the air velocity in the core of the channel is found for all
cases. However, for the low wall roughness condition, the
air velocity increases near the bottom and, hence, the
profile becomes asymmetric with increasing mass loading.
This is associated with the higher particle number con-
centration cn near the bottom (see Fig. 9b). The stream-
wise particle velocity profiles (Fig. 6a) exhibit a slight
increase in the average particle velocity Up with an in-
crease in mass loading. This is caused by the enhancement
of transverse particle dispersion through inter-particle
collisions and a reduction in the wall collision frequency
resulting from this phenomenon, as will be shown below
(submitted, Sommerfeld, 2002).

The profiles of fluctuating velocities of the air phase
(urms and vrms) corroborate the effect of turbulence at-
tenuation for such small particles. However, it should be
noticed that this effect is much more pronounced for the
horizontal component than for the vertical one.

The fluctuating velocities of the particles are consider-
ably damped for both components (up,rms and vp,rms) with
increasing loading. Since rather inertial particles are con-
sidered, this is only marginally caused by the damping of
fluid turbulence. The damping of particle fluctuation is
mainly caused by inelastic inter-particle collisions,
whereby energy is dissipated in the deformation process.

In the corresponding case with the high wall roughness
(R2), similar effects are observed for the profiles of the
horizontal velocity components (Fig. 7). However, due to
the increase in wall collision frequency associated with the
roughness, considerable lower particle mean velocities Up

are observed compared with the low roughness, which is a
consequence of the average increase in momentum loss for
the particle phase. Moreover, both components of the
particle mean fluctuating velocity (up,rms and vp,rms) are
considerably enhanced by the irregular wall-bouncing
process compared with the low roughness case (Fig. 6). In
addition, a stronger reduction in the fluctuation intensity of
particles (up,rms and vp,rms) with particle loading is observed
here. This is caused mainly by the increasing inter-particle
collision frequency. Additionally, the fluctuating motion of
the particles becomes more isotropic as a consequence of
wall roughness. The attenuation of flow turbulence with
increasing loading g is slightly stronger for the higher wall
roughness, which is a result of the increased slip velocity and
the enhanced particle fluctuating motion.

Fig. 6a–c. Vertical profiles for air and 100-lm particles with
Uav=19.7 m/s for the low roughness case (R1): a horizontal mean
velocities of air and particles; b horizontal component of rms velocity
fluctuation; c vertical component of rms velocity fluctuation (open
symbols: air; closed symbols: particles)
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A quite interesting phenomenon is observed in the ver-
tical component of the mean particle velocity Vp (Fig. 8).
For a fully developed flow, this velocity component should
be close to zero across the channel. This was also confirmed
for the measurements with low roughness walls. In the case
of the higher wall roughness however, the transverse

component of the particle mean velocity shows a Z-shaped
profile. Obviously, this is a result of wall roughness and may
be explained as follows. For a smooth wall, the velocities of
particles being rebound from the wall is slightly lower than
the impact velocity due to dissipation effects. For a rough
wall, on the other hand, the so-called shadow effect becomes
of importance, which is associated with the fact that the
probability is larger for a particle to hit an ascending, rather
than a falling part of the roughness structure. This effect
implies that the wall-normal velocity component of the
particles after rebound is on average larger than the corre-
sponding impact velocity for small impact angles up to
about 10–15� (Sommerfeld and Huber 1999). Hence, the
transverse particle velocity Vp is shifted towards positive
values very near the bottom of the channel, as illustrated in
Fig. 8. Accordingly, a negative normal velocity should be
found close to the top wall, which is probably not resolved by
the measurements. As a result, the combined velocity PDF of
impinging and rebounding particles for the wall-normal
component is shifted towards positive values in the lower
half of the channel, and negative values of this velocity
component should prevail near the upper wall. However, a
clear bimodal distribution of the normal velocity compo-
nent near the walls could not be found, mainly due to the
irregular rebound of the particles, which was shown by
Sommerfeld and Kussin (submitted, 2002) in comparing
measurement and calculation. In the regions between 0.1<y/
H<0.5 and 0.5<y/H<0.9, the particles are on average moving
towards the wall. This observation implies that the gas–
particle flow seems to be not yet fully developed for higher
wall roughness. Numerical calculations by Sommerfeld
and Kussin (submitted, 2002) revealed that even a
channel 12 m long, i.e. about 343 channel heights, was not
sufficient to obtain zero transverse particle velocity Vp

across the channel. However, due to the small velocities
involved, a strong change of the particle concentration
profile between 6 and 12 m could not be observed, i.e. less
than about 5%.

The particle concentration profiles also exhibit the
characteristic features of a gas–solid flow in horizontal

Fig. 7a–c. Vertical profiles for air and 100-lm particles with
Uav=19.7 m/s for the high roughness case (R2): a horizontal mean
velocities of gas and particles; b horizontal component of rms velocity
fluctuation; c vertical component of rms velocity fluctuation

Fig. 8. Profiles of the vertical component of the particle mean
velocity (average conveying velocity Uav=19.7 m/s; high roughness
case (R2); 100-lm particles)
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channels and demonstrate clearly the effects of inter-par-
ticle collisions. The results shown in Fig. 9 demonstrate
the influence of mass loading, average conveying velocity
and the degree of roughness. In the case of low roughness,
the trends are very similar. At low mass loading g, an
almost linear increase in the solids concentration cn from
the upper to the lower wall is observed. This implies that a
saltatory motion of the particles along the bottom wall of
the channel is dominant, which is only partly balanced by
turbulent dispersion effects. With increasing mass loading,
inter-particle collisions in the region of high particle
concentration near the bottom wall increasingly influence
the particle behaviour. This results in a re-dispersion of
the particles in the channel, i.e. particles from the high
concentration region near the bottom are ejected due to
inter-particle collisions, as demonstrated by Sommerfeld
(submitted, 2002) using numerical calculations. Eventual-
ly, at higher particle mass loading g, the increasing colli-
sion frequency results in a shift in the concentration
maximum towards the centre of the channel.

This phenomenon may be explained as follows. Parti-
cles approaching the wall will preferably collide with
particles coming from the wall after reflection and thereby
rebound towards the core region of the channel. This effect
results in a reduction in the particle concentration, espe-
cially near the bottom wall, and the concentration maxi-
mum is continuously shifted to some distance above the
bottom with increasing mass loading. In the case of lower
roughness, this phenomenon is most pronounced for the
smaller conveying velocity Uav (Fig. 9a), since the role of
turbulence and wall roughness become less important and
inter-particle collisions play the dominant role. The re-
sulting parabolic shape of the concentration profile at high
mass loading and for Uav = 14.25 m/s could also be
identified as being caused by inter-particle collisions using
Lagrangian numerical calculations (submitted, Sommer-
feld and Kussin, 2002). With increasing conveying velocity
Uav, the lateral particle dispersion increases, mainly due to
wall collisions and roughness, but also due to the in-
creasing importance of turbulence. However, the differ-
ence for the conveying velocity of 19.7 m/s and 23.7 m/s
(Fig. 9b, c) is very small, indicating some kind of satura-
tion in the dispersion process. For conditions of high
wall roughness (Fig. 9d), the collision of particles with the
walls predominates. Hence, almost constant particle
concentration profiles are established even at low mass
loading g. The slight increase in the particle concentration
cn towards the wall is presumed to be the result of the
slip-shear lift force which is acting towards the wall
in this region.

For the 190-lm particles and the rough wall (R2) the
conveying behaviour is quite similar to that described
above for the 100-lm particles, which results in the same
trends for the particle concentration profiles. The essential

Fig. 9a–d. Vertical profiles of normalised particle concentration
profiles for different conditions in the case of 100-lm glass beads:
a low roughness (R1), Uav=14.25 m/s; b low roughness (R1),
Uav=19.7 m/s; c low roughness (R1), Uav=25.6 m/s; d high roughness
(R2), Uav=19.7 m/s

b
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difference however, is larger particle inertia and, hence,
the resulting larger slip velocity (Fig. 10). This also results
in a stronger momentum coupling with the air phase,
and an increasing particle mass loading g gives a larger
reduction in the streamwise air velocity U in the core of
the channel. In addition, it may be observed that the
profiles for the horizontal component of the particle ve-
locity Up become flatter compared with the 100-lm par-
ticles. This is a result of the more pronounced influence of
wall collisions and the associated slightly higher velocity
fluctuation of the particles (compare Fig. 7b and Fig. 10b).
The reduction in the streamwise component of the air
phase fluctuation urms (turbulence modulation) with in-
creasing particle mass loading is similar for the 100- and
190-lm particles.

In contrast, the smallest particles considered in the
experiment (nominal diameter of 60 lm), transported in
the channel with the rough walls, show a considerable
lower slip velocity and therefore also a smaller modulation
of the mean streamwise air velocity profile (Fig. 11). Both
the air and particle mean velocity profiles (U and Up) are
non-symmetric in this case. This is caused mainly by the
higher particle concentration cn in the lower half of the

channel (Fig. 11c) and the associated higher wall collision
frequency of the particles with the bottom wall. This
eventually reduces the particle and air velocities. The
horizontal component of the particle rms velocity fluctu-
ation (up,rms) is considerably lower than for the other
two cases. It is obvious, however, that the decrease with

Fig. 10a, b. Vertical profiles for air and 190-lm particles with
Uav=19.7 m/s for the high roughness case (R2): a horizontal mean
velocities of gas and particles; b horizontal component of rms velocity
fluctuation

Fig. 11a–c. Vertical profiles for air and 60-lm particles with
Uav=19.7 m/s for the high roughness case (R2): a horizontal mean
velocities of gas and particles; b horizontal component of rms velocity
fluctuation; c normalised particle number concentration
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increasing mass loading becomes stronger due to the
increased inter-particle collision frequency, which is a
consequence of the higher number density cn for the same
mass loading. Moreover, the reduction in the air phase
turbulence by the particles is concentrated in the lower
half of the channel. This phenomenon is also supported by
the profiles of the particle concentration cn for these cases.
Since the particles respond more easily to air flow and
turbulence, their motion is less dominated by wall colli-
sions. However, turbulence is not sufficient to completely
disperse the particles and, therefore, gravitational settling
results in a considerably higher solids concentration near
the bottom of the channel. Increasing mass loading g in
the considered range, and hence inter-particle collision
frequency, results in only a slight modification of the
normalised concentration profiles.

In order to further assess the influence of the different
parameters on the particle behaviour in the horizontal
channel, the results for the particle diameters considered,
particle mass loading and the two degrees of roughness are
directly compared. The profiles of the particle mean ve-
locities Up in comparison with the single-phase air velocity
U of course show that an increase in particle size results in
a decrease in particle velocity Up and hence, an increase in
slip velocity in the core of the channel (Fig. 12). In the
near-wall regions, the particles are faster than the air flow
due to the transverse dispersion and the slip boundary
condition. The extent of this region decreases with in-
creasing particle diameter. Obviously, an increasing par-
ticle size diminishes the response of the particles to the air
flow, and the transverse dispersion due to wall collisions is
enhanced, whereby the streamwise particle velocity pro-
files become more flattened. The increase in wall rough-
ness causes, in the particle size range considered, an
enhancement of transverse dispersion and, hence, an in-
crease in wall collision frequency (or reduction in the wall
collision mean free path). This, on the other hand, enlarges
the momentum loss in the wall bouncing process and
therefore, a remarkable decrease in particle mean velocity
Up is observed due to the wall roughness (Fig. 12).

The vertical profiles of the streamwise particle rms
velocity fluctuation (up,rms) for different particle sizes
demonstrate again the enhancement of the fluctuating
motion with increasing particle size, which is a conse-
quence of particle inertia and wall collision behaviour
(Fig. 13). For increasing particle diameter, their motion
becomes increasingly wall-collision dominated, whereby
they bounce from wall to wall. However, it is clearly ob-
served that the fluctuating velocities approach some lim-
iting value with increasing particle diameter.

In order to compare the different experimental condi-
tions directly, the normalised particle fluctuation energy
Ep is calculated according to:

Ep ¼
u2

p;rms þ v2
p;rms

U2
av

and averaged across the channel to yield Ep,av. Here up,rms

and vp,rms are the local streamwise and lateral mean fluc-
tuating velocities of the particle phase. From the results
shown in Fig. 14, the following conclusions may be drawn:

• The increase in the wall roughness results in a drastic
enhancement of the normalised particle fluctuating
energy Ep,av.

• With increasing particle mass loading, Ep,av is reduced
for a given particle size, mainly due to the energy dis-
sipation involved in the inter-particle collision process.

• In the particle size range considered, the fluctuating
energy Ep,av increases with diameter due to particle in-
ertia and wall bouncing, i.e. wall-collision dominated
behaviour of large particles.

• The rate at which the particle fluctuating energy de-
creases with mass loading g is more pronounced for a
higher wall roughness and increases with decreasing
particle size.

The latter is mainly provoked by inter-particle colli-
sions, which become more important for higher fluctua-
tion values (e.g. due to wall roughness). Moreover, a
reduced particle size implies an increased particle number

Fig. 12. Vertical profiles of the streamwise velocity component for
different particle diameters and the cases with low (R1) and high (R2)
roughness (Uav=19.7 m/s; g=1.0)

Fig. 13. Profiles for the horizontal component of rms velocity
fluctuation comparing different particle diameters for the case of high
roughness R2 (Uav=19.7 m/s; g=0.5)
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density cn for the same loading, whereby the inter-particle
collision frequency is enhanced and the particle fluctua-
tion decreases at a higher rate.

With the experimental results obtained, it is now pos-
sible also to estimate the importance of inter-particle
collisions and wall collisions quantitatively. The mean free
path between subsequent collisions kC for mono-disperse
particles is given according to the kinetic theory of gases
by:

kC ¼ 1

pD2
Pcn

Introducing the dependence of the number density cn on
the particle volume fraction ap or the particle mass loading
g gives average values of kC across the channel:

kC ¼ Dp

6ap
¼ Dp

6g

qp

q

Up;av

Uav

This result shows that the collision mean free path linearly
increases with particle size Dp. For a given mass loading,
the mean free path will also depend, in addition to the
density ratio qp/q, on the ratio of the averaged particle to
air velocity Up,av/Uav. The collision mean free path may
now be calculated using the results obtained from the
present experiments for low and high roughness (Table 5).

As one would expect, increasing wall roughness decreases
the particle average velocity Up,av and therefore, also re-
duces the mean free path between collisions (the inter-
particle collision frequency is increased). For the high
roughness and the small particles (60 lm), a loading ratio
of 1.0 would result in a mean free path of about 18 mm
(estimated, since this condition was not measured) and the
corresponding value for 190-lm particles is about 57 mm.
These values demonstrate the enormous importance of
inter-particle collisions, which will even increase when
particle segregation due to gravity takes place. The re-
duction in the particle number density cn with increasing
size is of course associated with an increase in the mean
free path kC.

The mean free path between subsequent particle–wall
collisions in the horizontal direction kW may be estimated
by assuming a zig-zag motion of the particle within the
channel. This implies that only inertial particles are con-
sidered. The mean free path divided by the channel height
H is then proportional to the ratio of the cross-sectional
averages of the streamwise particle velocity Up, av to the
relevant particle velocity in the transverse direction:

kW

H
¼ 2Up;av

vp;rms;av

�� ��
Since the transverse particle velocity distribution involves
particles moving upwards and downwards, it is distributed
around zero. If we restrict the consideration only to one
component, e.g. downward-moving particles, the corre-
sponding transverse mean velocity is roughly half the rms
value of the particles, i.e. vp,rms,av/2. Using the cross-sec-
tional averages from the measurements, the mean free
path associated with wall collisions may be easily esti-
mated. The results for the low and high roughness are
summarised in Table 6 and allow the following conclu-
sions:

• With increasing particle size, kW is reduced, since the
particle motion becomes increasingly wall-collision-
dominated, which is also reflected in growing transverse
fluctuating velocities.

• The increase in mass loading is associated with an in-
crease in inter-particle collision frequency which causes
a reduction in the particle fluctuating velocities and
increases kW (the wall collision frequency is reduced).

• A reduction in wall roughness decreases the transverse
particle velocity fluctuation vp,rms and thereby the mean
free path between wall collision is increasing.

Fig. 14. Particle fluctuation energy averaged across the channel and
plotted versus mass loading for different particle diameters and for
low (R1) and high (R2) roughness (Uav=19.7 m/s)

Table 5. Dependence of mean
free path between subsequent
inter-particle collisions on
particle diameter and mass
loading obtained with the
averaged value (across the
channel) of the measured
particle mean velocity Up,av

(– indicates cases which were not
measured)

Particle nominal
diameter
(lm)

Mean free path
inter-particle collisions,
high roughness (R2)
(m)

Mean free path
inter-particle
collisions,
low roughness (R1)
(m)

g = 0.1 g = 1.0 g = 1.0

60 0.182 0.018 (estimated) –
100 0.313 0.033 0.034
190 0.58 0.057 0.062
625 – – 0.139
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These simple estimates provide results which can be
used to estimate the importance of inter-particle and wall
collisions. Moreover, the estimated wall collision mean
free path kW was found to be in close agreement with the
numerical results for the particle motion in a horizontal
channel (submitted, Sommerfeld, 2002).

6
Turbulence modification
The previous results have already shown the well-known
effect, namely that small particles will decay fluid turbu-
lence due to the lagging response of the particles with
regard to the turbulent fluctuations. This will extract
momentum from the fluid and, hence, result in an addi-
tional dissipation of turbulence. For larger particles, sim-
ilar effects occur; however, a large particle Reynolds
number will additionally cause wake shedding and,
therefore, turbulence intensification may be observed
(Tsuji et al. 1984). Crowe (2000) collected extensive data in
an attempt to identify the boundary between turbulence
dissipation and enhancement. It was argued that the par-
ticle mass loading and the ratio of the particle diameter to
the turbulence length scale are the relevant parameters for
characterisation. However, the flow structure around a
particle is governed mainly by the particle Reynolds
number.

The results presented in Figs. 6, 7, 10 and 11, clearly
showed the reduction in air-phase turbulence mainly in
the streamwise fluctuating component with increasing
particle loading. The larger particles considered in the
experiment, namely 0.625-mm and 1-mm glass beads
showed a turbulence enhancement in the core of the
channel, which is revealed in Fig. 15 for the streamwise
fluctuating component urms. For the larger particles, this
augmentation is of course stronger. In the upper and lower
near-wall regions (y/H<0.3 and y/H>0.7) of the channel,
however, a clear turbulence reduction is found. These
findings are in agreement with the experiments by Tsuji et
al. (1984) and may be directly correlated with the profile of
the particle Reynolds number. Since the slip velocity has a
maximum in the core of the channel, the particle Reynolds
number here reaches values of about 350 and 500 for the
0.625 and 1.0 mm particles, respectively. For these values,
the particle wake is characterised by instabilities and wake
shedding, which are responsible for turbulence augmen-
tation.

For a further analysis of turbulence modulation, the
turbulence spectra were also evaluated for different par-
ticle sizes and mass loading using the time series of the
streamwise tracer velocity. The calculation of the spectra
was performed based on an FFT-technique using the
sample-and-hold approach (DANTEC 2001). Eventually,
the spectra were smoothed using a Papoulis filter. The
minimum frequency in the considered channel was ob-
tained by dividing the rms velocity fluctuation urms on the
centreline by the possible largest dimensions of the eddies,
namely the channel height. This gives a value of about
30 Hz. The maximum frequency which can be resolved in

Table 6. Dependence of mean
free path between subsequent
particle–wall collisions on parti-
cle diameter and mass loading
obtained with the average value
(across the channel) of the
measured lateral particle rms
velocity fluctuation vp,rms,av

(– indicates cases which were
not measured)

Particle nominal
diameter
(lm)

Mean free path
particle–wall collisions,
high roughness (R2)

Mean free path
particle–wall collisions,
low roughness (R1)

(m) (m)

g = 0.1 g = 1.0 g = 0.1 g = 1.0

60 1.146 – – –
100 0.534 0.745 1.298 1.562
190 0.465 0.544 0.896 1.005
625 – – – 0.484

Fig. 15. Profiles for the horizontal component of rms velocity
fluctuation comparing different particle diameters for the case of low
roughness R1 (Uav=19.7 m/s)
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the spectrum depends on the signal data rate. For an av-
erage minimum value of 8,000 samples/s, the cut-off fre-
quency is about 1,300 Hz. Using additional corrections for
interpolation errors and a noise suppression, the spectral
estimate is reliable up to frequencies of about 3,000 Hz
(Nobach et al. 1998). The estimated Kolmogorov frequency
is given by 1,850 Hz according to the time scale provided
in Table 1. A typical result for small and large particles is
shown in Fig. 16, which was obtained in the centre of the
channel. For the 190-lm particles, which caused a con-
siderable reduction in the streamwise air-phase rms ve-
locity fluctuation (urms) across the entire channel with
increasing mass loading g, the spectra reveal a clear re-
duction in the energy for frequencies above about 50 Hz.
The two-phase spectra are parallel to the single-phase re-
sult, indicating that turbulence reduction occurred over
the entire high-frequency range above 150 Hz.

On the other hand, the spectra of the streamwise air
fluctuation urms for the large particles (625 lm) show a
significant increase with mass loading (Fig. 16b). The rate
of augmentation is almost constant over the higher fre-

quencies above about 200 Hz. This is consistent with the
results obtained in a liquid–solid flow by Sato and Hishida
(1996). For most of the cases considered, the slopes for the
single-phase flow turbulence spectra are found to be
slightly lower than the theoretical value of –5/3 for the
inertial subrange. The maximum deviation in the slope
was found to be about 8%.

As mentioned before, the turbulence modification
should also be affected by wall roughness, since the par-
ticle fluctuation is enhanced and the mean transport ve-
locity is decreasing due to the increase in wall collision
frequency. Thereby, the slip velocity increases and the
momentum transfer between the phases is intensified. This
phenomenon is illustrated in Fig. 17, where the non-di-
mensional streamwise air rms velocity fluctuation aver-
aged across the channel urms,av/Uav is plotted versus the
mass loading for different experiments. With increasing
particle size, the turbulence dissipation is reduced and
eventually, for large particles, wake-generated turbulence
becomes dominant and, on average, an augmentation is
found for the highest loading considered. For a lower
loading, turbulence dissipation dominates, as may be
identified from Fig. 15. For the 100-lm and the 190-lm
particles, a comparison of results with low and high
roughness was possible. These data clearly demonstrate
the stronger turbulence decay for higher wall roughness,
especially at higher particle mass loading g.

Considering the turbulence spectra for the 100-lm
particles in the cases of low and high roughness supports
the above observations (Fig. 18). For a higher roughness,
the reduction in the energy above about 50 Hz is much
more pronounced. This reveals that for higher particle
loading, as considered in the present study, the effect of
wall roughness cannot be neglected when analysing tur-
bulence modulation. Direct numerical simulations could
be very helpful in a further analysis of this effect.

Fig. 16a, b. Normalised turbulence spectra for the horizontal
component of air velocities in a gas–particle flow for different particle
diameters (Uav=19.7 m/s; low roughness R1; centre of the channel):
a 190 lm; b 625 lm

Fig. 17. Normalised horizontal component of gas-phase fluctuating
velocity averaged across the channel and plotted versus mass loading
for different particle sizes and for low (R1) and high (R2) roughness
(Uav=19.7 m/s)
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7
Conclusions
Detailed measurements in a particle-laden horizontal
channel flow were presented by varying a number of rel-
evant parameters, namely conveying velocity, particle size
and mass loading. For the first time, the effect of wall
roughness was considered in the examinations. The con-
veying characteristics of the particles were predominantly
affected by their size. With increasing size, the average
transport velocity of the particles was reduced. Further-
more, the irregular particle–wall bouncing in case of
roughness enhanced the transverse dispersion of the par-
ticles across the channel, whereby also the wall collision
frequency increased. This was obviously associated with a
higher momentum loss for the particle phase, and caused a
remarkable reduction in the particle transport velocity
Up,av. Additionally, both components of the particle rms
velocity fluctuation (up,rms and vp,rms) were enhanced due
to wall roughness.

With increasing mass loading and hence inter-particle
collision frequency, a damping of both fluctuating
velocities was observed. This effect was connected with

the dissipation of energy associated with an inelastic
inter-particle collision process. Moreover, inter-particle
collisions improved the transverse dispersion of the
particles in the channel. Consequently, gravitational
settling was reduced, and the particle concentration
profiles became more uniform. In the case of low
roughness, low mass loading and small conveying veloc-
ity, however, a pronounced gravitational settling of the
particles occurred. With increasing mass loading, inter-
particle collision frequency increased, and the concen-
tration maximum was shifted from the bottom towards
the core of the channel. From the measured data, the
inter-particle and wall collision mean free paths (kC and
kW) could be estimated in order to support the main
findings of this study.

Finally, the turbulence modulation by small and large
particles was analysed. For glass beads with a diameter up
to about 200 lm, a pronounced turbulence suppression
was found. It could be demonstrated that wall roughness
eventually influences turbulence modulation by the parti-
cles, as a result of the increased slip velocity between the
phases and the enhanced momentum transfer. For a
channel with higher wall roughness, this causes a stronger
turbulence reduction with increasing mass loading in
comparison with a channel with lower wall roughness. For
larger particles (0.625 mm and 1.0 mm) turbulence aug-
mentation was restricted to the core of the channel. In the
near-wall regions, a reduction in turbulence by the parti-
cles was also found.
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