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Abstract. This paper presents results for a tomographic system using an array of
electrodynamic sensors. Sensitivity maps are derived for the individual sensors and
then used by a back-projection algorithm to calculate concentration profiles from
measured sensor values. Limitations in linearity over the sensing area are reduced
by applying a filter to the images. The filtered back-projection algorithm is tested
both on uniformly and on artificially produced non-uniformly distributed solids’ flows.

1. Introduction

Measurement of concentration profiles of dry powders
flowing in pneumatic and gravity conveyors is a problem
which has to be solved in order to progress to determination
of volume flow rates. Present methods of concentration
measurement include capacitance (McKeeet al 1995),
optical (Greenet al 1996), gamma densitometer (Yan
et al 1995a) and electrodynamic sensors, each with specific
advantages and limitations.

Capacitance sensors are robust, are of low cost and are
very useful for measurement with dense-phase conveying
of dry powders. However, they pose problems when the
conveying density is below 10% vol:vol, they have a soft
field mode of sensing whereby the shape of the electrical
field depends upon the distribution of the dielectric within
it and they have a large sensing volume due to the axial
length of the electrodes (Hammer and Green 1983).

In comparison, optical sensors have a relatively high
spatial resolution (Greenet al 1995), but there are problems
associated with keeping the optics clear of dust. Gamma
densitometers are potentially very linear in their response to
solids’ concentration and have the advantage of use without
damaging the integrity of the conveyor. However, in order
to provide high count rates the activity of the source may
cause safety problems (Yanet al 1995a).

Electrodynamic sensors are robust, of low cost and
sensitive to low flow rates of dry solid material. This paper
explains their use in the determination of concentration
profiles within the measurement cross section of a gravity
drop conveyor.

2. The measurement system

Transducers which can be used to sense the electrostatic
charge carried by dry solids have applications in
determining flow parameters in pneumatic conveyors, for
example the velocity of conveyed materials (Featherstone
et al 1983, Yan et al 1995b) and the solids’ mass
flow rate (King 1973). Dry solids, moving through a
conveyor, generate static electric charge by friction with
the conveyor wall. The amplitude of this charge depends
on many factors including the type, shape and size of
materials and humidity (Shackleton 1982); however, in
many manufacturing systems the process control provides
repeatable conditions, resulting in repeatable levels of
charge on the particles. Measurements are based on charge
being induced in the sensors as they are passed by the
flowing charged particles. These induced charges are
converted to voltages, amplified to a level suitable for the
data acquisition system and processed off-line.

Sensors generally consist of metal structures insulated
from the walls of the conveyor. In process measurements
ring electrodes are widely used and have been thoroughly
investigated (Shackleton 1982, Yanet al 1995b). However,
they are limited in their application insofar as they provide
averaged signals relating to the concentration of the
conveyed material and do not allow the determination of
the concentration profile.

Discrete electrodynamic transducers are robust, are
of low cost and have the potential to be used for
process tomography (Williams and Beck 1995), whereby
several identical transducers (typically eight, 16 or 32) are
positioned around the vessel being interrogated. These
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Figure 1. A cross section through pipe at the
measurement section.

Figure 2. The gravity flow rig.

provide the data which are used to re-construct dynamic
images of the movement of the material being monitored.
In the work presented in this paper, an array of 16,
equi-spaced, circular sensors is mounted around the
circumference of the vertical flow pipe (figure 1).

The solids are fed into the pipe from a hopper
at a controlled rate via a rotary feeder (figure 2).
Information from the sensors is collected by a proprietary
data acquisition system and processed off-line to produce
tomographic images of the solids’ concentration within
the cross section. A typical sensor calibration graph
for the flow of dry sand is shown in figure 3. The
tomographic image is calculated from the measurements
using a filtered back-projection algorithm, which is derived
from the forward problem.

3. The forward problem

The forward problem determines the theoretical output of
each of the sensors when the sensing area is considered
to be two-dimensional and contains a uniformly distributed

Figure 3. The averaged induced voltage versus the mass
flow rate for a 3 mm hemispherical electrode.

Figure 4. The 9 × 9 rectangular array consists of 81 pixels.

Figure 5. The sensitivity model for sensor 1.

charge ofσ coulombs per square metre. The cross section
of the pipe is mapped onto a nine by nine rectangular array
consisting of 81 pixels as shown in figure 4.

Each sensor is considered separately and the effect on it
due to the uniform surface charge,σ C m−2, on each pixel
determined. To minimize boundary problems the sensor
is placed 0.5 mm outside the pipe wall. Each pixel is
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Figure 6. The sensitivity map for sensor 1.

Figure 7. The sensitivity map in 3D for sensor 1.

Figure 8. The theoretical numerical concentration
distribution obtained using the linear back-projection
algorithm: all sensors set to 1 V.

considered in turn. The sensitivity map is generated by
calculating the charge which a chosen pixel would induce

Figure 9. The theoretical image of the concentration
distribution obtained by using the linear back-projection
algorithm when all sensors are set to 1 V.

Figure 10. The full-flow filter mask.

Figure 11. The separated-flow filter mask.

into the sensor. Calculation of the sensitivity map for sensor
1 is outlined in figure 5.

The centre of the pipe has rectangular coordinates (0, 0).
The pipe diameter is 81 mm and each pixel is 9× 9 mm.
The general sensitivity equation corresponding to sensor 1
is

I1 =
∫ ∫

σ

r2
dA =

∫
x

dx

∫
y

σ

x2 + (41− y)2
dy
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Figure 12. The concentration profile obtained using the
linear back-projection algorithm: plastic beads, full flow at a
flow rate of 52 g s−1.

where (x, y) are the coordinates of the part of the pixel
contributing to the sensor output,r is the distance of the
charge to the sensor and the inverse square law is obeyed.
The total induced charge for sensor 1 whenσ is assumed
to be 1 C m−2 is

I1 =
∫ 40.5

−40.5
dx

∫ (40.52−x2)1/2

−(40.52−x2)1/2

1

x2 + (41− y)2
dy ≈ 11.75 C.

However, the sensitivity map requires that the contribution
from each pixel be evaluated. Each pixel is identified
numerically, the first number is the column number, the
second is the row number starting with 11 for the top left-
hand pixel. Two examples of the sensitivity calculation
are

Pixel 51=
∫ 4.5

−4.5
dx

∫ 40.5

31.5

1

x2 + (41− y)2
dy ≈ 6.20

Pixel 59=
∫ 4.5

−4.5
dx

∫ −31.5

−40.5

1

x2 + (41− y)2
dy ≈ 0.01.

This is repeated for all pixels. Complete pixels and parts
of pixels outside the pipe contribute zero induced charge to
the sensor and so have a sensitivity value of zero (pixels 11,
12, 21, 81, 91, 92, 18, 19, 29, 89, 98 and 99). However,
pixels intersected by the pipe boundary have a contribution
to the induced charge from the fraction of the pixel within

Figure 13. The measured image of the concentration
distribution obtained using the filtered linear back-projection
algorithm: plastic beads, full flow at a flow rate of 52 g s−1.

the conveyor. The resulting sensitivity map for sensor 1 is
shown in figure 6.

The sensitivity map for sensor 1 may be plotted in
three dimensions (figure 7), with (x, y) representing the
pipe cross section and thez axis the sensitivity. This
shows the significant localized sensitivity of the sensor.
These calculations are repeated for each of the 16 sensors,
resulting in 16 separate sensitivity maps. These maps are
then used to solve the inverse problem.

4. The inverse problem

Solution of the inverse problem aims to provide an image of
the charge concentration distribution within the conveyor,
which would result in the measured sensor outputs.

4.1. Basic back-projection

A linearized back-projection algorithm is used (Abdullah
1993). The back-projection algorithm combines each
sensor reading with its sensitivity map to generate the
charge-concentration map within the pipe which would
provide these readings (assuming that all particles carry
the same charge). The procedure is to multiply each sensor
voltage reading by its sensitivity map to produce 16 9× 9
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Figure 14. The measured image of the concentration
distribution obtained using the linear back-projection
algorithm: plastic beads, separated flow at a flow rate of
52 g s−1.

matrices. The corresponding individual elements from the
16 matrices are summed to produce a single matrix, namely
the concentration matrix.

The theoretical concentration profile has been calcu-
lated assuming that all the sensors are reading 1 V. The
concentration matrix is shown in figure 8 with the rela-
tive position of the pipe mapped onto it. Figure 9 displays
the result as a tomogram, in which darkness relates to the
solids’ concentration.

Figures 8 and 9 identify the limitation of the simple
linear back-projection algorithm; the low estimation of
solids at the centre of the conveyor. This problem may
be reduced by using a filtered back-projection algorithm.

4.2. Filtered back-projection

The major limitation of the linear back-projection algorithm
arises due to the nonlinear sensing mechanism of
the electrical charge transducer. When the conveyor
has a uniformly distributed solids’ flow the resulting
concentration matrix, calculated using the linear back-
projection algorithm, is not uniform at 7.32 units per
pixel, but shows lower values as the centre of the pipe is

Figure 15. The measured image of the concentration
distribution obtained using the linear back-projection
algorithm: plastic beads, separated flow at a flow rate of
52 g s−1.

approached, reaching 0.77 units at the centre. However,
a filter can be determined, which, combined with the
back-projection algorithm, provides a filtered linear back-
projection algorithm (Barber and Brown 1984). This filter
provides weighting to individual pixels to provide a uniform
concentration profile.

The coefficients of the filter are obtained by assuming
that all the sensors have an output of 1 V and using these
values to calculate the concentration matrix described in
section 3.1. The expected result is a uniform concentration
matrix with a value of 7.32 units for each pixel.

The filter matrix is obtained by taking the maximum
value of 7.32 units per pixel which is then divided by each
pixel value within the pipe mapping. The resulting filter is
shown in figure 10.

Mathematically, this filter is only applicable to full
flow. Similar filters should be calculated for different
flow patterns. However, to be useful, this requires that
the flow regime or flow pattern with the conveyor be
known. Flow regimes have been identified using an array
of electrodynamic sensors placed around the circumference
of a conveyor (Bidinet al 1993), as shown in figure 1. A
filter mask for the specific non-uniform flow of separated
flow is shown in figure 11.
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5. Results

Tests were made using both plastic particles approximately
3 mm in diameter and sand with a mean diameter of
600 µm over a range of solid flow rates. Nonlinear
concentration profiles were created by blocking sections
of the conveyor upstream of the sensors with obstructions
of known shape. A range of solid feed rates were used
and the measurements were logged using a proprietary
data acquisition system. The results were processed off-
line using a PC with a 486 processor. The concentration
profiles were determined using both linear back-projection
and filtered back-projection algorithms.

6. Discussion of results

The measured results obtained for uniformly distributed
solids’ flow, using the linearized back-projection algorithm
(figure 12), show that concentration values are lower
towards the centre of the conveyor, as predicted. These
measurements are improved by using the filtered back-
projection algorithm (figure 13).

The measured concentration profiles determined for
non-uniformly distributed flow show that the solids are not
uniformly distributed. However, by visual inspection of the
solid flow, the result obtained using the simple linear back-
projection algorithm (figure 14) seems less representative
of the shape of the flow profile being produced than is that
obtained using the filtered back-projection algorithm (figure
15).

In the tests, the error between the calculated
concentrations and the measured flow rates had a standard
deviation of 20% of the calculated concentration when
using the plastic beads. It is thought that the accuracy will
be significantly improved by using a pneumatic conveyor
rather than the gravity drop system and baffles, because the
baffles may have interacted with the particles and modified
the charge being carried by them.

7. Conclusions

Tomographic images of solids’ concentration may be
obtained using electrodynamic sensors. The nonlinear
field of the sensor requires that the concentration profile
be calculated using a filtered back-projection algorithm.
As with all electrodynamic sensors, quantitative values
will only be reliable and repeatable if the process being
monitored is well controlled in terms of moisture content

and particle size range. However, the system described in
this paper provides a very-low-cost method for producing
tomographic images of solids’ concentration profiles.

The system could be made to work on-line, but
would require a dedicated data acquisition system and
modifications to the algorithm. A processor capable of
25 Mflop should be capable of providing approximately
500–1000 concentration matrices per second. This paper
describes a feasibility study into obtaining concentration
profiles of flowing dry powders using electrodynamic
sensors. Further testing with a wide range of materials
and flow rates is required to determine the limitations of
the measurement system.
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