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Abstract In this paper, application of the cross correlation method for estimating the velocity of air/solid
fluid is explained. Electrostatic sensors are used as the primary sensors for this measurement and by using
the cross correlation of signals from two electrostatic sensors, the speed of air/solid fluid is calculated. In
calculating cross correlation, a truncated version of cross correlation is considered in order to perform
cross correlation in an on-line mode. Also, to improve the accuracy of truncated cross correlation, it is

performed only when a particle passes across the sensors. MATLAB is selected as the programming tool
for performing the cross correlation algorithm. Different tests have been performed, in which the distance
between two electrostatic sensors is set at various specified values, and the calculated velocities of solid
particles are compared. It is shown that the results of these measurements are very similar, which is proof

of the correctness of the results.

© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.

1. Introduction

There are numerous applications in industry where solid
particles are transferred with pneumatic force (i.e. pressurized
air). For instance, in burner systems, coal particles are trans-
ferred with pneumatic force to the burner chamber. In the min-
ing industry, the particles of minerals (cement, nickel, iron,
etc.) are transferred with pressurized air along the pipes and
ducts for further processing. For several reasons, measuring
the velocity of solid particles is very important in these ap-
plications. For example, the mass flow rate of the solid par-
ticles can be calculated by measuring the velocity of solid
particles and multiplying this velocity with the concentra-
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tion of the particles. Also, measuring the velocity of solid
particles is important in knowing the effects of particles on
pipeline erosion, since more velocity causes more erosion in the
pipeline.

Electrostatic sensors are widely used in solid/gas appli-
cations where solid particles carry electrostatic charges [1].
Electrostatic sensors are providing a non-intrusive method for
measuring the velocity of fluid in solid/gas applications and,
therefore, are less susceptible to wear and erosion. Various
shapes of electrostatic sensor are used for solid air flow mea-
surement, such as pin, quarter-turn or ring type [1]. The cross
correlation method is an effective way to measure velocity,
since it is sensitive to the peak voltage in the sensor output
and, therefore, is less sensitive to the noise and DC level [2]. The
cross correlation method can be realized using different types
of sensing element. Among them, electrostatic sensors are most
widely used, due to their good performance in solid/air situa-
tions and also due to their non-intrusive arrangement. Various
investigations have been performed for modelling the output
of electrostatic sensors on pipelines with circular and rectangu-
lar cross sections [3-5]. In this paper, we use electrostatic sen-
sors and the cross correlation method for deriving the velocity
of solid/air particles.
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Figure 1: Test rig for solid/air flow measurement.

Figure 2: Electrostatic sensors places with certain interval along the conveying
pipeline.

2. Description of the test setup

The test rig used in this research consists of a funnel,
conveying pipe, valve and container (Figure 1). The solid
materials available in the funnel drop down by gravitational
force through the conveying pipe into the container. The valve
placed on top of the conveying pipe controls the amounts of
solid particles that drop from the funnel. After passing through
the conveying pipe, the solid particles are gathered in the
container.

Electrostatic sensors are placed at the end of the conveying
pipe. Ten (10) places are envisaged for placing electrostatic
sensors. These ten points are located at certain intervals along
the conveying pipe (Figure 2). The distance between each two
adjacent sensors is 2.5 cm.

The solid particles are plastic beads with an average size of
3 mm, which fall from the funnel on top due to gravitational
force. The distance from the valve to the place where the
electrostatic sensors are installed is about 1.4 m (a schematic of
the test rig is shown in Figure 3). After the particles fall into the
container, they can be sent back to the funnel using a vacuum
pump.
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Figure 3: Schematic of solid/air test rig.
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Figure 4: Electrostatic sensor consists of probe and its associated amplifying
board.

Each electrostatic sensor is composed of a sensing probe
which is sensitive to the electrostatic charge of the solid
particles. There is also an electronic board for amplifying and
low pass filtering of the signal obtained from the sensing
probe [6]. The sensor probe and associated electronic board are
shown in Figure 4.

As shown in Figure 4, the probe is a rod electrode, which has
a length of about 2 cm and diameter of about 3 mm.
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Figure 5: Detail of electrostatic sensor.

A block diagram of the electrostatic sensor is presented in
Figure 5 [7].

The sensor probe and adjacent pipe create a capacitor. As
can be seen in this figure, the sensor probe is one of the
capacitor conductors. There is a plastic ring between the sensor
probe and the adjacent pipe. This plastic ring acts as capacitor
insulation. The pipe acts as the other conductor of the capacitor.
This capacitor (between the sensor probe and the pipe) is
placed in parallel with another capacitor and a resistor. When
a solid particle with an electrostatic charge passes beside the
sensor probe, it induces some charges to the sensor probe. For
example if the particle has some positive charge, it induces
some negative charges to the sensor probe. This is due to the
interaction of negative charges and the distraction of positive
charges. Then, the induction of some electrostatic charge in the
sensor probe causes the creation of voltage in it, compared to
the adjacent pipe (due to capacitance effect of sensor probe).

This voltage can be sensed by the electronic board. Since the
charges induced in the capacitor are very minor, the electronic
sensor that can sense the voltage induced should draw very
small current from this capacitor. This is why the sensor probe
is connected to the input of an op-amp drawing (very minor
currents). To measure the induced voltage without taking a
large current from sensor probe, the pipe is connected to ground
and the sensor probe is connected to a one-to-one amplifier
(voltage follower made from op-amp). The role of this one-to-
one amplifier (voltage follower) is to provide the same voltage
as the sensor probe and to amplify the current. Also, because
the voltage created in the electrostatic sensor is very small, after
passing this voltage through the voltage follower, this voltage is
amplified further using another op-amp.

The outputs of the sensors are transferred to an analog/
digital convertor (Dewetrons measuring pod DEWE-41-T-DSA)
and after digitizing, the output of this analog to digital converter
will be transferred to a computer for calculating the velocity
of the solid particles using the cross correlation method. The
sampling time of this analog to digital convertor is set to 0.001 s.
Sampling time should be small enough so that enough samples
are gathered to identify the change of electrostatic signal due to
the passage of solid particles. Also, if very small sampling time
is selected, then, for getting good results from cross correlation,
we need to have many samples, which increase the number
of calculations for performing cross correlation. For example,
if we divide the sample time by two, the required number of
multiplications for performing cross correlation in an on-line
mode increases four times. Therefore, it is important to select
a suitable sample time for obtaining good results from cross
correlation and, at the same time, not to increase the number of
calculations unnecessarily. The reason for this selection is that,
since we expect the velocity of solid particles to be less than
5 m/s (by assuming that the solid particles are falling by gravity
and by ignoring the friction between these particles and the
air/pipe wall) and, as the minimum distance between probes
of two electrostatic sensors is 2.5 cm, it takes less than 0.005 s
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Figure 6: Typical graphs of electrostatic sensor signals showing the spikes due
to passage of solid particle.

for a solid particle to reach from the first to the second sensor.
So, the time required for solid particle to reach from the first
to the second sensor (with distance of 2.5 cm) is equivalent
to 5 sample times. Therefore, 0.001 s sampling time can be
considered a good choice compared to the minimum time of
0.005 s needed for solid particles to reach from the first to the
second sensor.

For applying the cross correlation method, the outputs
of two sensors are compared. Each two electrostatic sensors
chosen for applying the cross correlation method are placed
with a certain distance between them along the conveying
channel. The passing of solid particles causes a spike in the
output of both sensors. Since the second sensor is placed at a
certain distance from the first sensor along the channel, when
a solid particle passes through the channel, first, it reaches the
first sensor and then, with a time delay, it reaches the second
sensor. Therefore, similar spikes are generated in the output
of these sensors with a time delay between the spikes. This
time delay is equal to the time required for a solid particle to
reach from the first to the second sensor. In Figure 6, the output
signals of two sensors obtained from the test rig have been
shown. As can be seen, there are similar spikes in outputs from
these sensors.

3. Modelling electrostatic sensors

In this section, the basis of operation of electrostatic sensors
is explained. As explained, an electrostatic probe consists of
a metallic element which is placed in the vicinity of air/solid
fluid. For example, it can protrude into a pipe wall where
solid/air is passing through. If there is a solid particle with
electrostatic charge in the vicinity of the electrostatic probe,
then, an electrostatic charge is induced in the metallic element
of the electrostatic probe. The magnitude of this induced charge
depends on the electrostatic charge of the particle and the
distance from the particle to the probe.

Solid particles in solid/air fluid normally have some electro-
static charge, mostly due to friction, between the particles and
the pipe. Assuming that the electrostatic charge of a solid par-
ticle is g, then, the electric field generated by this charge is as
follows:

q

E = . 1
Amer? (1)
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Since the probe of the electromagnetic sensor is made of metal
and since this probe is insulated from the main pipe (to form a
capacitor, as explained in Section 3 above), the electric field pro-
vided by the charged solid particle induces some electrostatic
charge in the sensor probe. Since the solid particle is moving,
when it is very near to the electrostatic sensor, it induces more
electrostatic charge. The amount of electrostatic charge induced
on the sensor probe is as shown by the relation below [8]:

_ a
b+t -t

In this equation, v is the velocity of the solid particle and t
is the time. Also, tg is the time during which the solid parti-
cle passes across the electrostatic sensor, and ¢’ is the induced
charge on the electrostatic sensor. Parameters a and b depend
on the shape of the electrostatic sensor (its diameter), amount
of solid particle charge and the distance between the solid par-
ticle and the electrostatic sensor (at nearest point).

Since electrostatic sensors form a capacitor with the adja-
cent pipe, the current of this capacitor is as follows:

. dq

Since this current is passing through the resistor (shown in Fig-
ure 5), the voltage produced across the resistor is equal to:

dq’ 2Rav? (t — ¢,
V=_—ir=-rY _ av” (t ~ o) (4)

dt Ap+ (vt -t}

As the resistor in Figure 5 is placed in parallel to the capacitor
(electrostatic sensor), the current passing through the resistor
is equal to the current of the capacitor multiplied by —1. This
is why (in the above relation) V = —iR. The shape of the out-
put signal from the electrostatic sensor predicted by Relation 5
matches the shape of the signal from the electrostatic sensor ob-
tained from experimental results (Figure 6). In this signal, there
is a negative peak in the signal followed by a positive peak when
a solid particle passes the electrostatic sensor.

/

q (2)

4. Cross correlation

The cross correlation of two different signals, x(t) and y(t),
is defined as follows [9,10]:

T
z(r):lim%/ x®)y(t+7t) whenT — o0, (5)
0

z(7) specifies how much signal x (t) correlates to y (t + 7). In
other word, it specifies how much x(t) is similar to y(t) while
y(t) is shifted in time by 7. If these two signals are more similar
when the y is shifted in time by 7., then, z(t) will have a
maximum when T = Tp.x. X(t) can be considered the signal
from the first sensor and y (t) as the signal from the second
sensor in this application.

As shown in the previous section, the signal from the second
sensor is similar to the signal from the first sensor, which is
delayed in time. This time delay is equal to the time required
by the solid particle to reach from the first to the second sensor
and is equal to the distance between the sensors divided by the
velocity of the solid particles.

If we calculate the cross correlation of the signals obtained
from two sensors as a function of 7 and if we obtain the time
when maximum cross correlation occurs (Tpnax), then it can
be assumed that 7,4 is equal to the time delay between the

two signals. After calculating th,x and by knowing the distance
between two sensors, the speed of the air/solid fluid can be
calculated as follows:

V=—, (6)
Tmax

where V is the velocity of the air/solid fluid, D is the distance
between the two sensors and T« is the time when maximum
cross correlation occurs.

In a real situation, the signals are sampled at regular
intervals of 0.001 s. Therefore, we need to define the cross
correlation of discrete signals as follows [5]:

T
z[m] :limEZx[n]y[n—f—m] whenT — o0. (7)
T n=0
In the above formula, x[n] is the nth sample of signal x (t). Also,
since, as per this definition, infinite numbers of samples are
required for performing cross correlation, it is not possible to
calculate cross correlation in real time (on-line mode, while the
sampling from the signals is taking place). Therefore, we need
to define a modified version of cross correlation as follows [11]:

L
z[m] = %Zx[n]y[n+m]. (8)
n=0

In this modified cross correlation, instead of having infinite
numbers of sampled signals, we calculate the cross correlation
by multiplying the latest collected samples of signals. In other
words, we select a window of L samples from signal x[n] and
multiply it with the same number of samples from y[n], when
the signal y[n] is shifted in time by m. The value of m is also
selected, based on what is the maximum shift in the peak of the
signal between signals x[n] and y[n]. For example, in this case,
we expect the speed of particles to be below 5 m/s (since, if we
consider the particles accelerate due to gravity and there is no
friction with air, then the falling of particles from a height of
1.4 m will result in a speed of about 5 m). Then, for example, in
cases where the distance between the two electrostatic sensors
is 5 cm, we expect it to take less than 0.01 s (10 ms) for
the particle to reach from one sensor to the other. Since the
sampling time is 0.001 s (1 ms), we expect the signal from the
second sensor to be similar to the signal from the first sensor
with a time shift of, maximum, 10 ms (10 samples). So, we
select m from 0 to 11, in this case, and expect the peak in cross
correlation to occur when m is less than or equal to 10.

Also, as can be seen in Figure 6, when a particle passes across
the electrostatic sensor, there is a negative peak followed by a
positive peak in the signal from each sensor. The total duration
of both negative and positive peaks is about 30 samples.
Therefore, the length of window L can be considered to be in the
same magnitude (e.g. 50 in this case to cover 30 samples). When
a particle passes near the electrostatic sensor, a peak occurs
in the signal of both sensors. At other times, when there is no
particle passing near to the electrostatic sensors, the signals of
both sensors are some values near to zero (refer to Figure 6).
Therefore, when calculating cross correlation using relation 8
to detect the time shift between the signals from two sensors,
it is better to find the peak in the signal from one sensor and
then apply the cross correlation method. This idea is especially
important when cross correlation is going to be applied for on-
line flow measurement, as we do not get good results from cross
correlation when signals of two sensors are near to zero, due to
an absence of solid particles at that time. Also, we will not waste
processing capacity by cross correlating almost zero values.
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To consider this point, the software for performing cross
correlation is written in such a manner that it senses whether
there is a peak value in the window of signal x[n]. If there is a
peak value in this window, then it performs cross correlation
between signals x[n] and y[n] and calculates the speed of
particles. As there are several peaks in the signals, due to the
passage of solid particles, skipping some samples does not
affect on-line measurement of solid particle speeds. Since the
duration of sampling is very short, cross correlation can be
performed in other windows of the signal without affecting the
result. For example, if one window of the signal is collected in
a period of 10 ms, then the next window of 10 ms might have a
peak and, as the flow rate is not changing so fast, not computing
for 10 ms does not affect the overall flow measurement.

In order to find 7.« and the velocity of air/solid, accordingly,
using modified cross correlation, we consider L large enough so
that both spikes in the signals are included in calculating the
modified cross correlation and so that we have enough samples
for finding the peakin the cross correlation signals. For example,
if we expect the velocity of solid particles to be, maximum, 5 m/s
and the distance between the sensors is 2.5 cm (0.025 m), we
should expect that the peak in the cross correlation curve will
occur at 0.005 s, as calculated below:

D 0.025 0.005 9
Tmax = v 5 O S. (9)
Then, since the sample time of the Analog to Digital convertor is
0.001 s (1 ms), in this case, we expect that the cross correlation
happens when n = 5. Therefore, if we select, for example, the
last 40 samples (L = 40), then, we somehow make sure that the
peak will occur in the cross correlation calculated using L = 4.

To have a better illustration of cross correlation results, the
computed cross correlation is shown in Figure 7. As specified
in this figure, the cross correlation has a peak at 32 sampling
points which is equal to 0.0032 s (sampling time 0.001 s).
In other sections of this envelope, cross correlation tends to
approach zero, since, except for similar spikes in the outputs,
the two signals are uncorrelated signals with an average of zero.

For performing the cross correlation method defined above,
a software code has been written using MATLAB software.
For performing this code, the necessity of applying cross
correlation in on-line measurements has been considered.
Therefore, at each time, this code is only using the sampled data
of electrostatic sensors in past time (the time before the current
time).

5. Results

In Figure 7, the speed of the solid/air fluid computed by the
cross correlation method is plotted in cases where the distance
between sensors is 5 cm. Here, the average speed of the solid/air
fluid over the time is 3.1295 m/s.

As shown in Figure 2, sensors can be placed in any 10
locations allocated for them in the end section of the conveying
pipe. Therefore, we can choose to have two sensors with
different distances between them (i.e.2.5, 5, 7.5, ..., 22.5cm).

For evaluating the correctness of the cross correlation
method, we compare the results of different tests in which
sensors are located with various distances between them. For
performing this comparison, the average speed of the air/solid
fluid in each case is computed.

In Figure 6, the average speed of the air/solid is plotted
against the distance between sensors. It can be seen that the
computed speed of the air/solid is similar in various cases where
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Figure 7: Computed speed of air/solid fluid when the distance between sensors
is5cm.
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Figure 8: Average speed of calculated air/solid fluid versus the distance
between sensors in the test setup.

the sensors are placed with different distances between them.
This issue (similarity of results) is a proof of the correctness
of the cross correlation method. The average speed of air/solid
fluid in all tests with different distances between sensors is
3.3940 m/s. This value is very near to the computed speed when
the distance between sensors is 5 cm (3.1295 m/s).

To better illustrate the cross correlation results, the com-
puted cross correlation at a certain time is plotted in Figure 6.
In this case, the sensors are 5 cm apart.

Also, the computed cross correlation is plotted in Figure 8,
when the distance of sensors is 10 cm.

In Figure 9, the peak appears in 17th discrete time (0.017 s).
Considering a distance of 5 cm, the speed is 2.94 m/s, while,
in Figure 10, the peak occurs at 34th discrete time (0.034 s).
Considering a distance of 10 cm, the speed is also 2.94 m/s, in
this case.

Figure 10 shows the variance of speed measurement at
various distances between sensors. Although the variance of
speed measurement is less that 0.2 m/s for all cases, the variance
is particularly very small when the distance between sensors is
5 cm. So, based on this figure, it is advisable to put the sensors
at the distance of 5 cm as shown in Figure 11.

To have a better vision of the signals obtained from
electrostatic sensors, the outputs of both electrostatic sensors
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Figure 9: Typical cross correlation between the two signals when the distance
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Figure 11: Output signals of electrostatic sensors when distance between
sensors is 2.5 cm.

are shown in two cases where the distance between sensors is
2.5 and 15 cm (Figures 12 and 13).
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Figure 12: Output signals of electrostatic sensors when distance between
sensors is 2.5 cm.
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6. Conclusion

In this paper, we investigate the cross correlation method
in solid/air flow measurement. First, we introduce a modified
version of the cross correlation method which can be used
for on-line flow measurement purposes. Then, this modified
version of cross correlation is implemented using Matlab
software. Finally, this implementation of modified cross
correlation is used with the actual values gathered from a test
rig, and it is demonstrated that the modified version of cross
correlation can be used for on-line flow measurement purposes.
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