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a  b  s  t  r  a  c  t

A  coaxial  induction  probe  with  a vertically  split  outer  sensor  for simultaneously  measuring  the  charge,
distance,  and  size  of  a passing  object  is  presented.  When  a charged  sphere  passed  the probe,  current
signals  of different  shape  induced  to all  the  sensors.  The  signals  were  integrated,  and  Gaussian  curves  were
fitted.  The  amplitudes  and  widths  of  the  fitted  curves  were  used  to calibrate  the  set-up.  The  experimental
calibration  was  done  by  using  frictionally  charged  spheres  of  different  sizes.  Spheres  with  unknown
eywords:
harge measurement
ize measurement
istance measurement
lectrostatic charging
nstrumentation

size,  distance,  and  charge  were  measured  using  the  calibrated  sensor.  However,  the speed  of the  object
needed  to be  known.  The  results  from  computer  simulations,  calibrations,  and  use  in measurements  are
presented.

© 2016  Elsevier  B.V.  All  rights  reserved.
imulations

. Introduction

In industry, triboelectric charging causes many undesirable
ffects. These effects include adhesion on the surfaces [1,2], elec-
rostatic discharges (ESD) [3,4], and dust explosions [5,6]. On the
ther hand, many useful applications, such as electrostatic powder
oating, paint spraying or electrostatic precipitation, are based on
ontrolled movement of charged particles [7]. Since many param-
ters, such as material properties and environmental conditions,
ffect the charging processes, a good method for measuring the
harge is necessary. Reliable data would also enable the develop-
ent of the theory behind charging. One of the most widely used
ethod for measuring the electric charge of solid particles is the

araday cup [8–10] which is also suitable for measuring the charge
f electron and ion beams [11–13]. In cases where only the net
harge is of interest, Faraday cups are valuable and reliable instru-
ents. However in some applications, for instance when charge

ensity is of interest, the size of the object is also important to
now. Also, for moving particles, the particle position and speed

an be essential parameters.

A coaxial induction probe for measuring the charge, size,
nd distance of a passing object was previously presented, with

∗ Corresponding author at: Department of Physics and Astronomy, University of
urku, 20014 Turku, Finland.

E-mail address: janne.m.peltonen@utu.fi (J. Peltonen).

ttp://dx.doi.org/10.1016/j.sna.2016.04.014
924-4247/© 2016 Elsevier B.V. All rights reserved.
promising results [14,15]. The probe was  not only used to measure
these properties for frictionally charged spheres, but also to mea-
sure the charge-to-mass ratio of fluidized powders in a fluidized
bed system. This was  possible since the signals arising from a
charged object were similar to the signals caused by a bubble in
a charged powder. According to recent computer simulations, the
probe could be further improved by modifying geometry of the
coaxial sensor. In this work, we present both simulational and
experimental results obtained by using the new probe geometry
to measure passing charged spheres. Machida et al. [16] developed
a tomography system based on induced currents caused by a
charged particle. Similarly to this study, also they had a probe
attached to a metal pipe wall. However, the location of the passing
charge was  measured using several sensors in different positions.
In the present study, this method was not used in order to ensure
that the measured signals arose from the same object. This is
relevant when using a larger pipe with several charged objects. In
this case it is not essential to detect all of them but only a portion.

2. Methods

2.1. Simulations
The previous probe consisted of a circular inner sensor (radius
1 mm)  surrounded by a ring-shaped outer sensor (outer radius
3 mm,  thickness 1 mm),  separated from each other with an insu-
lator. The probe was  placed at the inner surface of a steel pipe filled

dx.doi.org/10.1016/j.sna.2016.04.014
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2016.04.014&domain=pdf
mailto:janne.m.peltonen@utu.fi
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to use the probe later in measurements in a fluidized bed device.
The curvature of the probe tip was matched with the curvature of
the pipe wall.
Distance [mm]

Fig. 1. (a) The signal amplitude ratio and (b) the signal width ratio as

ith air so that its tip had the same curvature as the pipe wall.
s a charged object passed the probe, two current signals were

nduced to the sensors. To determine the induced charge, the sig-
als were integrated over time. It was noticed that the shape of

ntegrals were quite similar to Gaussian profile so Gaussian curves
ere fitted to the data to reduce noise. The amplitudes (Ao and Ai

or outer and inner probe respectively) and widths (Wo and Wi)
f the fitted curves were recorded. The amplitude ratio Ao/Ai and
idth ratio Wo/Wi were also calculated. Calibration equations were

xperimentally determined and used in measurements for these
arameters as functions of charge, size, and distance of the passing
bject [15].

The obtained Gaussian width ratio data was suffered from high
tandard deviations and therefore could not be used for the cal-
ulations. The charged objects were required to pass the probe
ymmetrically, as otherwise the calculations yielded false results.
s the lateral displacement from the probe axis increased, the sig-
al amplitudes decreased, since more electric field lines coupled
ith the grounded metal pipe walls. However, relatively less elec-

ric field lines coupled with the inner sensor, thus increasing the
mplitude ratio Ao/Ai. On the other hand, the width ratio Wo/Wi
ecreased.

The computer simulations in the present study were made
sing finite element software COMSOL Multiphysics 4.3b. Charged
pheres with various sizes were set to pass the probe inside a metal
ipe, with different distances from the probe. Tetrahedral mesh
as used. The mesh size around the tip of the probe was set to

extremely fine” and around the sphere to “finer”, as the software’s
uilt-in parameter sets were called. As a result, the element size was
pproximately 0.1 mm for the probe tip, and 2 mm for the sphere.
he electric field E at the probe tip was calculated using equations

 · (�0�r)E = � (1)

nd

 = −∇V, (2)

here � is charge density, �0 is permittivity, �r is relative permit-
ivity, and V is potential. The induced charge was calculated by first
alculating the surface charge density � from equation

 = �

�0�r
ûn, (3)

here ûn is the unit normal vector. The surface charge density �
as then integrated over the surface of the sensors. Relative per-

ittivities were set to 104 for the probe and the metal pipe, 3.0 for

he sphere, 2.1 for the insulators, and unity for air which filled the
ipe. No special boundary conditions were applied to the insulator
art of the probe.
Distance [mm]

ction of the distance from the probe for outer rings of different sizes.

Increasing the radius of the outer ring increased the ranges of
ratios Ao/Ai and Wo/Wi. This is illustrated in Fig. 1(a) and (b), where
three outer rings with different radii (3 mm,  5 mm and 6 mm)  are
compared. According to the simulation results, increasing the outer
ring radius improves the probe sensitivity to changes in the size,
distance and charge of the passing object, which enables more
accurate calculations and a wider detection range. Asymmetrically
passing objects could be taken into account by vertically splitting
the outer ring into two  adjacent parts. If the object has displace-
ment to the right for instance, the signal amplitude ratio AR

o/AL
o > 1

since more field lines would couple with the outer right sensor. For
a symmetrically passing object, AR

o/AL
o = 1.

2.2. Experimental methods

2.2.1. The experimental set-up
A new coaxial probe with a two-piece outer sensor was built

based on the simulations from brass. The tip of the probe consisted
of a disc-shaped inner sensor (radius 2 mm)  which was surrounded
by a 2 mm wide, vertically split outer sensor ring (outer radius
10 mm).  The sensors were separated from each other by non-
conducting epoxy. As illustrated in Fig. 2, the outer ring was  split
vertically into two adjacent parts and separated by a 1 mm wide
insulator in the upper and lower parts of the ring. There was  also an
insulator around the outer probe. The probe was attached to a metal
pipe with an inner diameter of 100 mm and height of 1.0 m, in order
Fig. 2. The tip of the coaxial probe with a vertically split outer ring sensor.
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Fig. 4. The side-view (left figure) and the top-view (right figure) of the set-up.
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Fig. 3. The signal amplifier circuit.

Each of the three sensors was connected to a dedicated ampli-
er electrical circuit (Fig. 3). The amplifier circuits were powered
y a 9 V battery. The signals were amplified in two stages. First, the
ignals were amplified by using a 1 M� resistor connected between
he inverting input and the output of an operational amplifier. The
ignals were low-pass filtered by using a 10 pF capacitor. At the next
tage, the signals were amplified with 100 k� and 1 k� resistors,
or a total gain of 108. The circuit was placed inside a metal box.
he induced current signals were converted into a digital form by
sing a NI USB-6008 (National Instruments) analog-to-digital con-
erter at a sampling rate of 1 ms.  The data was then analyzed using

 virtual instrument (VI) compiled with LabVIEW 2009 (National
nstruments).

.2.2. Calibration
The calibration was done by dropping frictionally charged

olypropylene spheres (Redhill Precision, Czech Republic) past
he probe. Sphere radii (r) of 2.000 mm,  4.000 mm,  5.000 mm,
.000 mm,  7.500 mm,  10.000 mm,  12.500 mm,  15.000 mm,  and
7.500 mm (accuracy given by the manufacturer) were used.
pheres with different sizes and charges were dropped from differ-
nt positions, at a height of 78 mm above the center of the probe.
ere distance refers to the perpendicular distance between the
robe and the edge of the sphere when the sphere was closest. The
erpendicular passing distance from the probe (x) was  varied from
.0 mm to 40.0 mm,  and lateral displacement (y) from the probe
xis was varied from 0.0 mm to 20.0 mm,  both in 4.0 mm steps. The
et-up is illustrated in Fig. 4.

As a charged sphere passed the sensors, induced current sig-
als were integrated over time and linear baseline corrections were
ade when necessary. In the next step, Gaussian curves

 (t) = A · exp

(
− (t − tc)2

2W2

)
+ f0 (4)

ere fitted to the integrals using LabVIEW, and the Gaussian curve
mplitudes (Ai for the inner, AL

o and AR
o for the outer left and right

ensors respectively) and widths (Wi, WL
o and WR

o respectively)
ere recorded. Also, the amplitude Ao and width Wo for the sum

ignal of the outer sensors were collected. In Eq. (4), A is the ampli-
ude, W is the width, tc is the position of the center, and f0 is the
ffset of the peak.

For the charge measurement, the spheres fell directly into a
araday cup, which was connected to a Keithley 6517A electrom-
ter (Keithley Instruments). In calibrations, charging the spheres

niformly was difficult. Also, the trajectory of the spheres most
robably deviated slightly during measurements. Therefore, mea-
urements were repeated approximately 50 times in order to
educe error limits.

Position of the sphere in z-direction [mm]

Fig. 5. (a) Examples of measured current signals, (b) integrated measured signal
and  Gaussian curve, and (c) simulated signal and Gaussian curve.
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the sphere trajectories were displaced from the probe axis, the
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Table 1
Examples of calculated radius, distance and displacement compared to real values.
N  refers to number of measurements.

r (mm) x (mm) y (mm) N

Real 17.5 12.0 4.0 28
Calc.  18.2 ± 2.0 10.3 ± 3.0 4.6 ± 1.0

Real 15.0 20.0 8.0 6
Calc.  12.8 ± 3.0 21.0 ± 4.4 9.0 ± 2.4

Real 12.5 28.0 16.0 33
Calc.  12.6 ± 2.5 27.4 ± 4.1 16.9 ± 2.0

Real 7.5 24.0 8.0 27
Calc.  7.4 ± 3.2 22.6 ± 4.1 5.2 ± 1.2

Real 4.0 12.0 0.0 15
8 J. Peltonen et al. / Sensors a

xperiments, the displacement was determined to increase from
eft to the right.

The amplitude ratio AL
o/Ai increased with the sphere passing

istance and the sphere radius. The ratio approached a value of
pproximately AL

o/Ai = 2.4 with long distances. According to the
imulations, the widths Wi, WR

o and WL
o depended linearly on the

assing distance. However, experimental data showed slight devi-
tion from this behavior at greater distances.

Only the amplitudes depended on the charge (Q), and the
ependency was linear. The slopes Ai/Q, AR

o/Q and AL
o/Q decreased

n an exponential-like manner as x was increased. They also
ecreased as r and y were increased.

The data from the calibration measurements was used to deter-
ine the calibration equations for AR

o/AL
o(r, x, y), AL

o/Ai(r, x, y), Wo(r,
, y) and AR

o(r, x, y, Q ). The width ratio data was better than with the
reviously presented probe but also suffered from high standard
eviation. For this reason, the width ratio was not used. Instead,
o was used. Unfortunately, the widths were the only parameters
hich are affected by the speed of the object. Therefore, the speed

f the object needed to be known. Inhomogeneous charging of the
pheres and imperfections in determining the passing position are
ost likely the causes for somewhat significant error limits. The

quations were completely experimental, and their form was not
f great interest per se. Therefore, they are not presented here.

The used calibration limits were applicable ranges for the
easurements with some restrictions. At distances larger than

pproximately 30 mm,  the values of AR
o/AL

o(r, x, y) and AL
o/Ai(r, x, y)

idn’t change much as radius was changed. Therefore, 30 mm can
e considered as the upper limit of the distance. The smallest charge
hich was detected properly in the calibrations was  0.05 nC for

phere with radius of 2 mm.

.2. Testing the calibration

After calibrations, a virtual instrument compiled with LabVIEW
as programmed to solve the calibration equations. When simul-

aneous signals were detected with all the sensors, the amplitudes
nd widths of the integrated curves were collected as described
arlier. Next, r, x and y were determined by simultaneously solving
he equations for AR

o/AL
o(r, x, y), AL

o/Ai(r, x, y) and Wo(r, x, y). In the

ext step, the calculated r, x and y were used to calculate the charge

rom equation obtained for Ao(r, x, y, Q). The calculated values were
nly accepted if they were within the calibration limits.
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ig. 8. Calculated charge as a function of the charge measured with the Faraday cup.
he  solid line represents the slope equal to 1, i.e. line where the values are equal.
Calc.  3.1 ± 2.5 12.2 ± 4.6 2.7 ± 0.9

The calculated charge as a function of the measured charge
is presented in Fig. 8. The slope is very close to 1 which
means that the calculated charge values were close to the ones
measured with the Faraday cup. Table 1 presents examples of
calculated radii, distances and displacements and their correct
values. As measurements were repeated, it was noticeable that
although the standard deviation of the calculated values was
sometimes quite large, they were on average close to the real
values.

4. Conclusions

A coaxial probe with a vertically split outer sensor ring to mea-
sure the charge, size, distance and lateral displacement of a passing
object with known speed was calibrated and tested. The results
show that with the determined calibration equations, these prop-
erties can be calculated for spherical objects. Splitting the outer
ring vertically made it possible to also measure the properties of
asymmetrically passing objects, which is a major advantage as com-
pared to the old probe design with a simple one-piece outer ring.
Also, increasing the outer ring radius in relation to the inner sen-
sor radius increased the detection range of both sphere radius and
sphere distance.

The simulations were found to match with experimental mea-
surements. This could possibly enable calibrating forthcoming
probes which can be, for instance, too small to be calibrated reliably
by the methods presented in this paper.

In future work, the probe will be used to measure the
charge-to-mass ratio of fluidized powders in a bubbling fluidized
bed.
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