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Abstract. This paper describes measurements made on a gravity drop conveyor
using two arrays of axially spaced electrodynamic sensors to measure axial
velocities close to the wall of the conveyor and velocity profiles both of flowing
sand and of plastic beads. The level of correlation obtained using pixels is
investigated. The velocity profile is combined with a tomographic concentration
profile to estimate the mass flow profile, which is summed over the measurement
cross section to estimate the mass flow rate. A calibration of the tomographically
determined mass flow rate versus the actual mass flow rate is presented.

1. Introduction

Pneumatically conveyed solids generate electrical charge
which can be detected using electrodynamic sensors (King
1973). This paper describes the use of electrodynamic
sensor arrays for velocity measurement (Featherstoneet al
1983, Yanet al 1995). The velocity measurements use
cross correlation to determine transit times, which are then
converted to velocities. Two velocities may be calculated
from the collected data; the peripheral velocity and the
velocity profile.

The peripheral velocity is obtained by cross correlat-
ing the data from an upstream electrodynamic sensor with
that from a downstream sensor. In this paper only corre-
sponding upstream and downstream sensors are correlated,
because the measurements are made in a gravity drop sys-
tem. With a pneumatic conveyor, the possibility of axial
swirl flow can be investigated by correlating an upstream
sensor with several of the downstream sensors and deter-
mining which combination of sensors provides the great-
est correlation coefficient. The velocity profile within the
measurement section is determined using tomographic tech-
niques (Williams and Beck 1995) from the upstream and
downstream concentration profiles. Both these methods are
described in greater detail in section 3. The velocity pro-
file is used, in combination with the concentration profile,
to determine the solids mass flow rate through individual

Figure 1. The arrangement of the 32 electrodynamic
sensors.

pixels and summed to provide the mass flow rate through
the measurement section.

2. The measurement system

The measurement system consists of two axially spaced
arrays of electrodynamic sensors mounted on an 81 mm
diameter steel pipe (figure 1). The separation between
upstream and downstream sensors is set, as a compromise,
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Figure 2. The gravity flow rig.

to 50 mm so that the sensor outputs can be correlated
adequately. A low separation produces a high correlation
coefficient, but requires very-high-speed data capture and
processing, whereas a large separation results in a low
correlation coefficient (Beck and Plaskowski 1987).

The sensor (Greenet al 1996) consists of an electrode
of 3 mm diameter, connected to the transducer electronics.
Charged particles falling in the pipe induce charge in the
electrode. The induced charge is converted into a voltage,
which is then amplified by a factor of approximately 500.
The amplified voltages from all 32 sensors are sampled by a
proprietary data acquisition system and processed off-line.

Figure 3. Typical sensor output signals: sensor 5 (upstream) and sensor 21 (downstream), for a sand flow rate of 103 g s−1.

Measurements are performed by energizing all 32 sensors
and monitoring the sensor outputs. This was done for
several solid flow rates using the data acquisition system to
obtain 312 samples from each sensor in each case. Usually
the measurements are performed by sampling each sensor
output at a frequency of 1 kHz.

The flow rig is shown in figure 2. Solid material is fed
from the hopper into the down pipe via the variable-speed
screw feeder at controlled rates. The solid particles are
accelerated under gravity. Their velocity,v, as they pass
through the measurement section is estimated, neglecting
feeder effects, collisions and buoyancy, to be

v = (2gs)1/2

= 5.24 m s−1

whereg = 9.81 m s−2 is the acceleration due to gravity
ands = 1.40 m is the distance between the feeder and the
measurement section.

Two solid materials were used in the investigation; sand
and plastic beads. The sand has a nominal size of 600µm
and the plastic chips are approximately 3 mm cubes. For
sand, the sensor output voltages were measured at flow rates
in the range 30–255 g s−1. For plastic beads, the sensor
output voltages were measured at flow rates in the range
52–127 g s−1.

3. Peripheral velocity determination

The peripheral velocity measurements were made using a
Hewlett Packard dynamic signal analyser, model 3566A, by
cross correlating signals from upstream and downstream
sensors. The electrodynamic sensors possess a localized
sensitivity (Greenet al 1996) to the flowing charged
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Figure 4. Cross correlation by HP signal analyser: sand flow rate 103 g s−1.

Figure 5. A typical dynamic output signal from sensor 3 (upstream) and sensor 19 (downstream) for plastic beads: flow rate
14 g s−1.

particles which results in a transit time related to the

movement of the particles closest to the wall where the

electrode is mounted. The results for each channel can be

plotted as functions of time, and typical signals for upstream

and downstream sensors are shown for sand (figure 3) and

plastic beads (figure 5).

3.1. Sand flow

The correlogram obtained by cross correlating upstream
sensor number 5 with downstream sensor number 21 is
shown in figure 4. The peak of the correlogram occurs
at a transit time 10.50 ms, corresponding to a velocity of
4.76 m s−1.
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Figure 6. The correlogram for plastic beads: flow rate 14 g s−1.

Figure 7. Pixel position identification; P4,5 is the pixel in row 4 and column 5.

3.2. The flow of plastic beads

The same procedure for measuring velocity with sand flow
was repeated with plastic beads. The resulting correlogram
is shown in figure 6. The peak value of the correlogram
occurs at a transit time of 10.7 ms, corresponding to a
velocity of 4.66 m s−1. The small differences in measured
velocity are probably due to the greater density of the sand

relative to that of the plastic, though drag due to surface
finish may be relevant.

3.3. Pixel concentration–time series cross correlation

This measurement determines the velocity profile within
the measurement cross section. 312 sets of data (limited
by the data acquisition system), each consisting of
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Figure 8. Concentration versus time for upstream and
downstream pixel P5,1.

Figure 9. The cross correlation of the concentration–time
series for pixel P5,1.

32 measurements obtained by sampling all the sensors
in sequence, are collected. Each data set is captured
in 1 ms and processed using a linear back-projection
algorithm (Greenet al 1996) to generate an upstream and
a downstream concentration profile. The electrodynamic
sensors detect charge, so the resulting concentration must
relate to the total amount of charge being detected.
However, in tests, for specific materials it is assumed that
all particles carry a similar charge, because the particles
are of similar size and shape (Shackleton 1981). In the
case of the gravity drop system the concentration output
is calibrated against the mass flow rate of solids, because
the particles have approximately the same velocity. In
general, the concentration should be expressed in terms of
the number of particles within the measurement volume per
unit time.

The concentration profile is represented by the
concentration of individual pixels mapped onto the pipe
cross section (figure 7) and the positions of the individual
pixels are identified by row and column. For example the

Figure 10. The velocity profile for plastic beads at a flow
rate of 52 g s−1.

Figure 11. The 3D velocity profile for plastic beads at a
flow rate of 52 g s−1.

upstream pixel in the fourth row and fifth column counting
from the top left-hand corner is written PU4,5 (figure 7).
Associated with this pixel is a numerical concentration
value, identified as CU4,5]1 representing the concentration
calculated from the first data set for thei, j th upstream
pixel. The general upstream pixel is identified as PUi,j and
the associated concentration is CUi,j ]1, the corresponding
downstream pixel and concentration are PD4,5 and CDi,j ]1

respectively.
The concentration profiles are calculated for all

312 upstream and downstream data sets. Consider a
pixel, PUi,j . The calculations result in 312 values
of concentration for it (CUi,j ]1, CUi,j ]2, to CUi,j ]312)
occurring in a times series spaced at 1 ms intervals.
These values of concentration are plotted against time to
produce an upstream pixel concentration time function.
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Figure 12. The non-uniform velocity profile for plastic
beads at a flow rate of 52 g s−1.

Figure 13. The non-uniform velocity profile for plastic
beads at a flow rate of 52 g s−1.

These time functions are generated for all upstream and
downstream pixels. An upstream and a downstream time
series may be cross correlated to estimate the transit time
between the two measurement arrays relating to the flowing
solid particles. If corresponding upstream (PUi,j ) and
downstream (PDi,j ) pixel concentrations are correlated the
axial velocity component of the flow may determined;
however, if non-corresponding ones are correlated, non-
axial velocity components may be investigated. (This
was not done in this investigation since there is little,
if any, swirl with the gravity drop system.) The cross
correlation of the upstream and downstream concentrations
was performed using MATLAB software in order to find
the peak of the correlogram.

Figure 14. A numerical concentration multiplied by velocity
profile for plastic beads.

Figure 15. The 3D concentration multiplied by the velocity
profile for plastic beads.

3.4. Preliminary tests

Before attempting to produce velocity profiles an
investigation was carried out to determine how the
correlation coefficient varied for different positions in the
measurement cross section relative to the pipe axis. Three
pixels were considered: P5,1, P5,3 and P5,5. To ensure
optimum conditions for correlation the data were sampled
at the higher rate of 3 kHz (a sampling time of 0.33 ms per
data set).

Typical graphs of concentration versus time are shown
for an upstream and downstream pixel, P5,1 in figure 8 and
the correlogram of the two time histories in figure 9. It
should be observed that figure 8 is very similar in character
to figures 3 and 5.

The peak amplitude of the correlogram shown in
figure 9 is 27.5 at a parametric time of 32, which
corresponds to a transit time of 10.56 ms (velocity
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Figure 16. The summed unscaled concentration multiplied by the velocity profile versus the solid flow rate (for plastic beads).

4.74 m s−1). The measurements were repeated for pixels
P5,3 and P5,5. The peak amplitudes were 0.031 and 0.0058
respectively. The transit times were the same, 10.56 ms.
The results show that the amplitude of the correlogram is
reduced as the pixel being considered moves closer to the
pipe axis, but the correlograms all have well-defined peaks
and transit times are easily measured.

These tests were repeated using plastic beads. The
results follow the same pattern as that for sand, though the
amplitudes of the correlograms were larger (P5,1 38.44, P5,3
1.52 and P5,5 0.65 respectively) and the velocity slightly
lower (4.45 m s−1).

4. Uniform velocity profiles

Tests were performed using plastic beads at flow rates in the
range 52–127 g s−1 and the data were processed to produce
pixel concentration–time series, as described in section 3.3.
The time functions of an upstream and the corresponding
downstream pixel were cross correlated, the transit time
determined and the velocity calculated. This was repeated
for all the pixels. The results are shown numerically in
figure 10 and graphically in figure 11.

The tests were repeated for a range of flow rates for
sand. The velocity profiles all appeared very similar, which
was expected since the main accelerating force is that of
gravity. Further tests were carried out, during which a non-
uniform velocity was produced.

5. Non-uniform velocity profiles

A flow of air was introduced into the gravity drop down
pipe via a 3 mmbore plastic pipe connected to an air
supply line, which was at a pressure of approximately 7 bar.
The air nozzle was positioned 10 cm above the upstream
sensor. The flow of air was introduced to disturb the
relatively uniform flow described in section 4, producing

non-uniform velocities to find out whether the measurement
system responded.

The tests described in section 4 were repeated and
the velocity profiles determined. A typical result is
shown in figures 12 and 13. These results suggest
that the electrodynamic system is capable of determining
non-uniform velocity profiles, though further testing in a
pneumatic conveyor is planned.

6. Mass flow estimation

The mass flow rate,ṁ, through any pixel, Pij , in the
measurement cross section depends on the instantaneous
concentration at timet associated with the pixel,Ci,j ]t ,
multiplied by the velocity associated with the pixel,vij :

ṁ = k
i=n
j=n∑
i=1
j=1

Cijvij (1)

where k is a constant with appropriate units andn is
the averaging interval. In practice the concentration
will probably be varying more rapidly than the velocity,
so either a rapidly changing mass flow profile may be
generated or each pixel concentration may be averaged
over some convenient time interval. These measurements
are currently being investigated. A typical concentration
multiplied by velocity profile (Cijvij ) is shown numerically
in figure 14 and graphically in figure 15.

These concentration multiplied by velocity flow rate
measurements were repeated for a range of solid flow rates.
Calculations were performed using both the upstream and
the downstream concentration profiles and summed over
the cross section to estimate the mass flow rate. The
results are summarized in figure 16. For a mass flow rate
meter the value ofk in equation (1) is required. This
can be estimated from the gradients of the upstream and
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Figure 17. The scaled tomographically determined mass flow rate versus the actual solid flow rate (plastic beads).

downstream regression lines shown in figure 16. Ideally the
upstream and downstream measurements should coincide;
however, errors arise due to the limited resolution in image
reconstruction, velocity changes due to acceleration under
gravity and the limitations of the data capture system. The
intercept on the vertical axis has been used to compensate
for the offset in the measurements due to noise and so on.
The scaled results are shown in figure 17, together with the
ideal calibration line.

Figure 17 shows that, for flow rates above 20 g s−1, all
the measurements but one are within±25% of the measured
value. However, further measurements, using a wide range
of solid flow rates, solids velocities and flow profiles, are
required in order to determine the repeatability and accuracy
of this method of tomographic measurement.

7. Conclusions

Electrodynamic sensors are particularly suitable for velocity
measurements when the conveyed materials generate static
electrical charge. Their sensitivity and high spatial
frequencies allow them to be used to produce concentration
profiles from an array of sensors. Two suitably positioned
arrays allow the cross correlation of pixel concentration
time histories to provide transit times and hence velocity
profiles. Combination of velocity and concentration profiles
on a pixel-by-pixel basis generates the mass flow rate
profile. Summation of the mass flow rate through each pixel
provides a tomographic estimate of the solid mass flow rate

with an estimated accuracy of approximately±25% of the
reading.

Further work is required in order to investigate the
application of this measurement system in pneumatic
conveyors to determine the range of velocities and
concentrations for which it is suitable. Extended
experimental work should allow us to define the accuracy
and repeatability of the system better.
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