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Electrostatic Nonintrusive Method for Measuring the
Electric Charge, Mass Flow Rate, and Velocity of

Particulates in the Two-Phase Gas–Solid Pipe
Flows—Its Only or as Many as 50 Years

of Historical Evolution
Juliusz B. Gajewski

Abstract—There are a lot of different noncontact methods for
measuring the electric charges carried on solid particles, the mass
flow rate, concentration, volume loading, mean flow velocity, and
other flow electrical and mechanical parameters in the two- and
multiphase gas–solid flows as those in pneumatic conveyance, in
the air, etc. One of the methods is that based on the phenomenon
of electrostatic induction. The nonintrusive probes, sensors, de-
tectors, and transducers of different shapes are used as the first
parts of measuring systems built to measure the aforementioned
quantities, which are strictly related to the flow of charged parti-
cles, without any disturbance to them. The method presented here
employs a ring-shaped metal electrode called a probe. The flow
itself produces the electrostatic flow noise that is induced on the
inner surfaces of sensing devices in the form of charge or potential
or both whose values are proportional to the quantities measured.
The signals obtained at the output of the sensing devices are a
source of information about the flow of particulates. The very first
information about the method, its metrological description, and
practical application to the charge measurement was published for
the first time 50 years ago, and this is the reason why the author
has decided to present the method’s evolution and historical devel-
opment, along with its many different aspects over that period.

Index Terms—Electric charge, electrostatic flow probe, electro-
static induction, flow velocity, mass flow rate, mathematical model-
ing, measurement method, solid loading, two-phase gas–solid flow.

I. INTRODUCTION

GOING BACK only to the 1950s or thinking back to
our metrological experience within only 50 years, one

could find out that there are rather many different varieties of
nonintrusive measurement method based on the phenomenon
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of electrostatic induction. The method has been specially de-
veloped to measure the electric charge carried on solid particles
in pipes of pneumatic transport or in air, as well as to indi-
rectly evaluate, determine, or estimate the following mechan-
ical parameters of the two-phase gas–solid flows: mass flow
rate, concentration, volume loading, and velocity. Incidentally,
only one variety of method exists, which has been extensively
developed, modified, described mathematically, and applied to
practical laboratory and industrial installations. It is the one in
which a ring-shaped metal electrode (probe, sensor, etc.) is used
on which electric charge is induced when exposed to the electric
field of a single charged particle or a flux of charged particles
as, e.g., in a pipe of pneumatic transport. Such a method is the
subject of this paper.

There are some papers whose authors review some achieve-
ments in developing the electrostatic measurement method
[12], [13], [16], [29], [34], [40]. They describe the method and
its varieties only in the context of other nonintrusive methods
for measurement of the mass flow rate, velocity, etc., such
as capacitance, ultrasonic, microwave, optical, conductivity,
thermal, etc., methods. A lot of works have been published, but
most of them are very similar to each other, and the differences
are only in some small modifications in the measuring electrode
(probe) itself or in the head in which the probe is placed. There
are also different theoretical approaches to mathematical mod-
eling, as well as to developing the method and its application to
many industrial situations.

There are many real devices, such as noncontact, nonobstruc-
tive probes, sensors, or transducers that are intended to work
as a part of measuring instruments (MIs) or systems and to
sense changes in the flow of charged particles: mass flow rate,
concentration, velocity, space-charge density, etc. (e.g., [11],
[13], [16], [19], [21], and [25]). These detectors were and are
designed according to the method and operate on the basis of
electrostatic induction when exposed to an electric field of those
particles. They were modeled mathematically and have been
described in numerous papers. Such devices are employed in
measurements of both the particle net charge and the mass flow
rate or concentration, or mean flow velocity of particulates, or
all of them, particularly in pneumatic conveyance, but they can
also be applied to measurements in the ambient air.
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The most popular electrodes developed and used widely are
full-ring-shaped ones. There are some theoretical considera-
tions and practical laboratory experiments, and their results
are presented and published widely where the single charged
particles are taken into account or, rather, the point charge(s) as
their representation. The charged particle or charged particles
aligned can travel rectilinearly along the ring’s geometrical
axis or any other axis parallel to that geometrical one [1]–[3],
[6]–[8], [10], [14]–[16], [18], [20]–[22], [28], [29], [31], [32],
[35], [37], [45], [46], [49], [50]. Then, the particle collision with
the ring’s wall or, rather, its internal surface does not occur and
is impossible, and the action of a charged particle is strictly
inductive. Only if the particle trajectory is not parallel to the
geometrical axis of the ring or is not tangential to its internal
surface then the particle impact against the ring’s wall is prob-
able. In such a situation, the charged particle induces charge
on the wall before hitting it and then charges it additionally
through the direct contact and separation or even friction when
the particle hits the surface.

In most cases, the probes, more and more often named
electrostatic (flow) probes, are separated from the two-phase
gas–solid flow, i.e., they are mounted on, e.g., a dielectric,
insulating pipe, and the particles collide only with the internal
surface of that separating pipe and not with the probe [11],
[20]–[22], [25], [27], [30], [33], [35]–[37], [41]–[46], [49].
Then, the probe has a certain charge induced by the trav-
eling charged particle/particles and by the charged dielectric
surface. Intense tribocharging generates the charge on this
surface. This charge can be sensibly constant and induce a
signal in the probe, as a background to other useful probe
signals detected; the signal can be filtered relatively easily from
the total probe signal. Also, propagating brush discharges can
sometimes be observed and can result in discharge impulses
that are not practically dangerous and metrologically harmful,
and can also be filtered from the useful probe signals, as shown
in [42].

Some of the electrode designs are not full-ring shaped and
can be the following: split-ring probes [2], [17], insulated
probes inserted through the transfer pipe walls or plates shaped
to the contours of the pipe and forming part of the wall [4],
quarter-ring probes [23], half-ring probes [5], pin electrodes
[5], [16], [24], and probes mounted flush with the pipe wall
[28], [40]. Those, which are in the form of full rings, can have
a direct contact with the flowing charged solid particles [1],
[3], [9], [12], [13], [19], [28], [29], [38]–[40], [47], [48]. All
these devices do not disturb the particle flow because they are
mainly mounted flush with the inner surface of an often-earthed
pipe wall.

The charged particles dispersed nonuniformly or rather sel-
dom uniformly in, e.g., a pipeline can flow through the whole
ring’s cross-sectional area or only its part. They form a flux
similar to a particle column with the space charge randomly
distributed in its interior. In this case, some particles can impact
against the ring’s internal surface if it is not separated from the
flux, while charges on other particles only induce charge on the
ring’s internal surface.

There are some different electrostatic flow probes, sensors,
and transducers that can detect even the smallest changes

Fig. 1. The ring-electrode–vacuum-tube-preamplifier system [1].

in flow noise, or more precisely electrostatic flow noise, as
generated by the flow of charged solid particles in pipes of
pneumatic transport within a device’s sensing (viewing) zone.
The noise is a good source of information about the following
two-phase gas–solid flow parameters: the mass or volume flow
rate, concentration, loading, and mean flow velocity. All those
sensing devices are connected to any MI or signal processing
electronics to permit their electric signals to be detected, am-
plified, converted, processed, displayed, and/or stored as in the
case of microprocessor-based units, instruments, or systems.
The probe, sensor, or transducer signals transmitted to the
input of a preamplifier or another electronic part of an MI
can be the current between those devices and earth or their
potential that can be monitored or measured depending on
the total impedance of, e.g., a ring-probe–preamplifier system
[1], [6], [8], [15], [30], [36]. The probes, sensors, etc., of that
type should be considered, along with accompanying signal
processing electronics and its input electrical parameters. The
electrical features of the MIs, devices, etc., to the inputs of
which the probes are connected, shape and influence the general
electrical characteristics of the whole measuring system, such
as its sensitivity, bandwidth, etc. [23], [35], [49].

In this paper, there will be presented the state-of-the art
in this field of nonintrusive metrology within the following
decades from the mid-1950s onward. Only some selected and,
according to the author, most important works will be described
out of many papers written by the author(s) who worked on the
method for years developing and improving it to reach its better
and better and almost perfect operational features.

II. 50 YEARS OF THE METHOD EVOLUTION

A. 1957–1967

Within this period, there are two important works written by
Russian authors and in Russian in which the authors propose
and describe the method of nonintrusive electric charge mea-
surement [1], [2].

In 1957, in his book on “Instruments and methods for inves-
tigating atmospheric electricity,” Imyanitov [1] presents some
methods of measurement of electric charge of solid and liquid
particles in the atmosphere, including the so-called induction
method, which is described in detail for, probably, the first
time. The method is based on the phenomenon of electrostatic
induction and is intended to be used where the measurements
of electric charge of single droplets (e.g., raindrops) in the
atmosphere are necessary. Its principle is shown in Fig. 1.
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Fig. 2. Time variations of the voltage and charge induced on the ring for
different time constants [1].

The method employs a metal ring connected to the input
of a vacuum-tube preamplifier. Its resistance Rs, including
the ring’s resistance R and the total capacitance Cp of the
ring, preamplifier input, and wires, should result in the time
constant τ that should be much longer than the duration τ0

of an impulse of the induced charge Qind on the ring by the
charged raindrop traveling through the ring’s cross section. Rs

should be three to five times greater than R. The ring’s induced
charge Qind is a fraction of the raindrop charge q. The fraction
is a function of the ring’s geometrical dimensions, and when
these are 5 × 10−2 m in diameter and 2 × 10−2 m in width,
then the fraction is about 0.25. To measure both the value and
sign (polarity) of the charge carried by the single drops, the
condition τ0 � τ must be satisfied (Fig. 2). It is measured
based on the measurement of the ring–preamplifier-system
voltage U that is proportional to the ring’s induced charge Qind

and the drop charge q : U ∝ Qind and U ∝ q (Qind ∝ q)
(the whole system must be calibrated to obtain U ∝ q). The
system integrates its input signal in this case. Its bandwidth
should be 0.26/τ0 in order that the system could transmit 90%
of the signal energy. It can be obtained for a total system
capacitance of about 10–20 × 10−12 F and a leakage resistance
of connecting wires of 1010–1011 Ω for such a probe of the
aforesaid dimensions and a drop’s linear velocity υ of 1 m/s.
The drop charge values measured can then be of the order of
10−16–10−15 C. For a single-drop charge to be properly and
exactly measured, the ring should be of such dimensions that
the probability that only one charged drop could be found in
the ring’s volume V is V ≤ (10n)−1, where n is the drop
concentration in the atmosphere. The ring’s radius should not
be too small in order that the drop did not hit the ring and should
not be too large in order that only one drop was in the volume
at the same time. To fulfill the condition, the author proposed
that, as small as possible, part of the drops k, which had been
found in the ring’s volume, be k = 4r/R, where r is the drop’s
radius and R is the ring’s radius.

Summary: It is one of the first works in which the author
gives some guidelines for the design of such ring probes, as
well as of the appropriate electronics, to constitute the mea-
suring system of accurate measurements of electric charge on
single separate particles of both liquids and solids. It is a pity
that the author does not show any mathematical relationship
between the ring–preamplifier-system voltage U and the ring
charge Qind. For all, the book by Imyanitov is a crucial step in
the evolution and development of the method.

Fig. 3. The ballistic probe system [3].

B. 1968–1977

There are few works concerning the method and its develop-
ment. At the end of the 1960s and at the beginning of the 1970s,
some authors published some papers, but they never continued
their work on the method, as is supposed, since there were no
further reports on their research in this field.

After a 14-year gap in publishing papers on the method,
the first ones are those by Corbett and Bassett [3] and by
Beck et al. [4].

The second paper is only an abstract (private information
obtained from the authors), and the method description is rather
poor. The authors use in their experiments insulated probes
inserted through the transfer pipe walls or plates shaped to the
contours of the pipe and forming part of the wall.

Corbett and Bassett [3] describe their novel method as
that in which a detecting inductive cylinder—a ballistic probe
system—is used, as schematically shown in Fig. 3. The method
permits one to measure the charge on a ball bearing that is
charged by the charge carriers (ions) produced by an external
source, which is a simple ionic charging. The so-charged ball,
fired horizontally from an air gun to pass through a section
where the ion cloud flies upward and to be ionically charged
(the ions settled on the ball surface), travels through an open
Faraday cup and is then collected in an isolated collector. The
charged ball induces the charge on the inner wall of a tube
inside the Faraday cup, and next, the induced potential of
the tube walls is monitored on a storage oscilloscope. In the
collector connected to an electrometer, the ball is brought to rest
and its charge is measured. Such an arrangement permits the
comparison of both charge measurement systems to be made.
According to the authors, the method proposed enables the
electric field and space-charge density to be measured in “a
variety of systems” and “causes a minimum of disturbance to
the parameters which are being measured.”

Half-ring wall electrodes and pin electrodes have been used
in experiments whose results were presented by King in his
paper in the early 1970s [5]. He shows for, probably, the first
time that the square root of the solid mass flow rate value Ṁ , as
well as of the pipe streaming current Is, is proportional to “the
rms mean level of metered electrode noise V̂ ”: V̂ ∝ Ṁ0.5 and
V̂ ∝ I0.5

s .
The toroidal ring-shaped metal electrode of induction type

is applied by Law [7] to measure the charge on and to track
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Fig. 4. The simplified schematic of the experimental apparatus for measuring
the charge on and tracking airborne particles [7].

airborne agricultural particles. The experimental apparatus is
schematically shown in Fig. 4.

For the first time, Law shows the simple mathematical re-
lationships between the grounded-electrode potential U and
charge Q induced on it by the point charge q representing the
charged particle moving along the ring’s geometrical axis x and
this charge

U = − q

4πε

1
(r2 + v2t2)0.5

(1)

Q =
Cq

4πε

1
(r2 + v2t2)0.5

(2)

where C is a function of the geometry of the induction-
electrode–grounded-boundary system; r is the electrode radius;
and v is the droplet velocity. The induction current i(t) flowing
to and from ground is as follows:

i(t) = −Cq

4πε

v2t2

(r2 + v2t2)1.5
. (3)

The author proves experimentally that the peak value of the
current is a linear function of the particle charge q and does not
depend on particle size. He also shows the linear decrease of the
induction-current peak value with an increasing electrode diam-
eter 2r. An analysis of the effects of nonaxial paths (not along
the electrode axis) indicates that the motion of the charged
particle along the axis produces the weakest electrode signal,
whereas the strongest ones are produced when the paths of the
charge are near the toroid. Other experimental results concern
the effects of the electrode surface area on the peak values of the
induction current measured and on the electrode capacitance.
The peak values depend nonlinearly on the diameter, whereas
the capacitance increases linearly with the diameter. Some
energy consideration is presented as well, and its conclusion
is that the measurement process employed does not alter “the
system being measured by an insignificant amount” because the
toroids do not disturb the flow (fall) of the charged particles.

One year later, Hendricks and Yeung [8] published their
paper in which they present a very similar variety of the method.

Fig. 5. Schematic of the single-droplet charge measurement with a Faraday
cage [8].

They use the detecting cylinder that is open on both sides,
is inserted in an outer housing that is the electromagnetic
grounded shielding, as shown in Fig. 5, and is a kind of
Faraday cage that operates based on electrostatic induction.
The cylinder is connected to an oscilloscope through differ-
ent amplifiers to minimize the loading effect. When a single
charged droplet travels through the cylinder, the voltage is
induced on the cylinder. The cylinder length is so large that
almost all the lines of force of the charged droplet terminate
on it and that one may neglect the edge effects. They have
found that the time t1 required for the charge induced on the
cylinder to be discharged should be much longer than the time
of flight t2 of the droplet through the cylinder. The first time
depends on the impedance of the measuring system, whereas
the second is related to the cylinder length L and the droplet
linear velocity υ. The condition that must be satisfied is the
following: t1 = Tin = RinCin � t0 = L/υ. If, for example,
Cin = 10 pF, L = 0.02 m, and υ = 2 m/s, the resistance Rin

should be greater than 109 Ω.
Summary: Concluding this passing decade, one must say

that there are some achievements of great practical value in
developing the method. There are first attempts at showing
how the electrostatic nonintrusive measurement method can be
applied to different metrological situations, including a trial to
adapt the method for the solid mass flow measurement. Simple
theoretical models are provided, in which the relationships
between the outputs and the inputs of measuring systems are
shown for the first time, e.g., output voltage proportional to the
mass flow rate or to the point charge representing a charged
particle.

C. 1978–1987

The next decade opens the period of gradual development of
the method, particularly as far as its mathematical modeling is
concerned, although there have been few published papers on
the application of the method to both laboratory and industrial
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situations. There is one of the first attempts to measure the flow
rate of charged insulating fluids with the method.

Gajewski and Szaynok [10] use a certain variety of method
that is similar to that of Imyanitov and Law to measure the net
charge on solid particles when these are fired from the outlet of
a steel pipe into the ambient air. The so-charged particles form
a discontinuous cloud and pass through an inductive ring probe
connected to a storage oscilloscope to record the probe time
variations.

The mathematical model of the measurement process is given
in the form similar to that of Law, but the starting point is quite
different. Law writes that “an airborne body with net charge −q
moving at velocity v in the +x direction along the centerline
of the electrode [induction toroidal electrode] of radius r.
Considered as a point charge at location x = vt at time t,
the body would generate an electrostatic potential of U at
the toroidal electrode if the electrode were absent, where . . .
[eq. (1)].” Here, in this model, the total ring potential Vp(t) is
a sum of two potentials. First is an averaged potential V1(t)
on the ring surface, which is induced by nonzero point charge
moving rectilinearly along a geometrical axis of the ring at flow
velocity υ(t). For a nonzero charge Q induced on the whole-
ring surface, and when the ring possesses self-capacitance Cp

which is finite, then the potential V2(t) of this surface is also
finite and is V2(t) = Q/Cp. The final relationship obtained is
as follows:

Vp(t) ∼= CCp

C + Cp
R

q

4πεε0

−x(t)ẋ(t)
[x(t)2 + r2]1.5 (4)

where Cp is the ring-probe self-capacitance; C is the capac-
itance of the measuring device and connecting wires; R is
the resistance of the ring, measuring device, and connecting
wires; q is the point charge; x(t) is the path when the flow
velocity υ �= const; ẋ(t) = υ(t) is the flow velocity; r is the
probe radius; and ε and ε0 are the relative and free space
permittivities, respectively.

Al-Rabeh and Hemp [11] present the next step in developing
the method. They employ the method for measuring the flow
rate of charged insulating fluids in pipes. They also find that
when some (even-number) ring electrodes are placed around
and along an insulating pipe inside a measuring head and
are alternately connected together and then to any measuring
device, then the signal so obtained is a sinusoidal one whose
frequency f is proportional to fluid velocity υ and is inversely
proportional to the doubled distance d between the electrodes.
Therefore, the mean angular frequency ω in the power spectrum
of the noise signals obtained from the flow is proportional to the
mean flow velocity υ and the coefficient K independent of υ
but dependent on and constant for the fixed fluid, a device
geometry, and velocity distribution.

In 1984, Gajewski published a paper [15], which presents a
new original approach to modeling the method for the single
point charges. Two point charges q1 and q2 aligned and sepa-
rated by the constant distance d are considered when these flow
one after another and rectilinearly along the geometrical axis of
the metal-ring probe at the constant velocity υ (Fig. 6). Both
charges can be of different or equal values and of the same

Fig. 6. Electric-circuit representation of electrical coupling of the ring with
the input of a measuring-device–measuring system [15].

or opposite signs. The following expression for the voltage
drop u(t) across the impedance of a real measuring system
consisting of the probe and the measuring device is derived for
the arrangement of Fig. 6

u(t) =
CCp

C + Cp
R

1
4πεε0

{
(q1 + q2)

−x(t)ẋ(t)
[x(t)2 + r2]1.5

+ 0.5(q2 − q1)d

[−2x(t)2 + r2
]
ẋ(t)

[x(t)2 + r2]2.5

}
(5)

where the symbols used are the same as for (4). If, for instance,
q2 and d are equal to zero, then (5) is the same as (4).

Beck and Pląskowski show in their book [16] that for ring
electrodynamic sensors and transducers, the potential V2 in-
duced on them by flowing charged particles, whose potential
within the sensing zone of the sensor is Va, is as follows:

V2 =

ωu∫
ωl

∣∣∣∣ Cc

Cc + C
Va(ω)

∣∣∣∣ dω (6)

where Cc is the coupling capacitance between a charged-
particle flux and the electrode; C is the total capacitance of
the electrode, connecting wires, and amplifier; and ωu and ωl

are the amplifier’s upper and lower cutoff angular frequencies,
respectively.

Summary: The period gives some valuable papers that
present some new mathematical models based on very differ-
ent assumptions compared to, specifically, that presented by
Law [7]. These also put a new perspective on mathematical
modeling, as it seems. A successful attempt to employ the
method in measurement of the flow rate under laboratory and
even industrial conditions is presented, along with some math-
ematical description.

D. 1988–1997

A quite-novel approach to the physical and mathematical
modeling of metal-ring probes is presented and discussed in
the papers by Gajewski et al. [20], [21]. They propose that
the metal-ring probe be separated from the flow of charged
solid particles by a fragment (section) of a dielectric pipe on
which the ring is mounted. The dielectric is “transparent” for
an electric field generated by flowing charged particles. A di-
electric pipe is put between two metal sections of a pipeline, the
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Fig. 7. Equivalent circuit diagram for the two-charged-body system (two-
conductor system) [20].

internal diameters of all the elements are equal, and therefore,
the particle flow itself is undisturbed. The ring and the dielectric
pipe are inside a grounded metal box named a measuring head
or chamber which is also an electromagnetic screen, and in
which a preamplifier is placed.

It is assumed that the particle flow in a pipeline is turbulent,
and the changes in particle concentration caused the particle
“discontinuity” to occur, i.e., the particles move in certain
portions (in the form of clouds) one after another, as do rolling
balls. Because each portion of particles has a resultant net
charge q, which results from the sum of all negative and positive
charges in the volume of a portion, it is useful to treat this
charge as a point charge and being placed in the center of the
volume. The simplifying assumption is also made that those
point charges are moving rectilinearly along the geometrical
axis of a pipeline and, thus, of the metal-ring probe. It is a novel
approach to looking for the best physical model for the flow of
charged particles in such nonintrusive charge and other flow
parameter measurements.

Based on the physical model of the point charge q and the
charged metal-ring probe Q, i.e., two-charged-body system, the
calculation of the total potential of the ring V2 is performed for
a two-conductor system, in which the point charge q is treated
as a charge of a conductor, using the 2 × 2 elastance (potential
coefficient) matrix. The following equation in the form of the
Laplace transform is obtained for the circuit shown in Fig. 7:

V2(s) =
sRC

sRC + 1
V ′

2(s) (7)

where R and C are the measuring-system total resistance
and capacitance, respectively; V2(s) is the ring potential and
V2(s) = V ′

2(s) + V ′′
2 (s); V ′

2(s) is approximately the Coulomb
potential; and V ′′

2 (s) is the potential of the charged ring when
it has the induced charge Q and the total capacitance CT =
C20 + C10C12/(C10 + C12). For the condition sRC � 1, (7)
can be rewritten in the time domain

V2(t) ∼= q

4πεε0

1
(r2 + v2t2)0.5

. (8)

The model (8) is almost the same as that presented by
Law [7] and shown in (1) with an accuracy to the sign.

The novel approach to modeling the method is used for the
first time in a paper released in an official publication [25]. The
consideration is based on the Poisson equation solution and not
on the system capacitances.

The output voltage UOUT of a signal preamplifier, connected
with the metal-ring probe and placed on the dielectric pipe

separating it from the charged particle flow, is of the form

UOUT(s) =
sRCp

sR(C + Cp) + 1
Φp(s)

=

{
sRCpΦp(s), for sR(C + Cp) � 1

Cp
C+Cp

Φp(s), for sR(C + Cp) � 1 (9)

where R and C are the system resistance and capacitance,
respectively; Cp is the ring self-capacitance; and Φp(s) is the
ring potential that depends on the so-called dynamic space-
charge density qd

v(t)—the term being used and defined for the
first time in the official publication. The dynamic space-charge
density is defined as the product of the static (normal) space-
charge density qs

v ≡ qv ≡ ρ and volume loading σ(t) : qd
v(t) =

qs
vσ(t). For the probe potential

Φp(t) = −qd
v(t)
4εε0

r2
p = − qs

v

4εε0
r2
pσ(t), for (y2+z2)0.5 <rp

(10)

where rp is the ring’s radius, the preamplifier’s output voltage
UOUT is obtained as a linear function of the volume loading
σ(t) for both conditions, i.e., when τ = R(C + Cp) is longer
or shorter than the duration of the signal time variations τ0,
depending on the frequency spectrum when the flow noise or
probe signals are random ones. It is also shown that the voltage
depends linearly on the mass flow rate ṁ(t) for the constant
flow velocity υ(t).

Yan et al. [28] present an interesting original approach to
the mathematical modeling of the ring-probe response to the
point charge and resulting sensing characteristics. They model
the full-ring-shaped metal electrode that is only separated from
the pipe wall but not from the flow; it is flush with the inner pipe
wall. They show the relationship between the actual current
output Is of the sensor and the point charge q, its velocity Vs, the
charge movement trajectory coordinate that can change from
the ring’s geometrical axis (an axial path at x = 0) to its radius
(x = R = 0.5D) for the trajectories being always parallel to
the axis but nonaxial, and the sensor geometry (Fig. 8). They
apply the Gauss law to calculate the charge induced on the
inner surface (wall) of the ring sensor. Having derived the
charge relationship, they obtain the analytical form of the sensor
current, which is as follows:

Is(t) =
dq′

dt

= −DqVs

4π

π∫
0

(
0.5D − x cos θ

[(Vst + 0.5W )2 + F 2(x, θ)]1.5

− 0.5D − x cos θ

[(Vst − 0.5W )2 + F 2(x, θ)]1.5

)
dθ

(11)

where D is the ring’s diameter; q and q′ are the point charge
and the total charge induced on the ring, respectively; Vs is the
point-charge linear velocity; θ is an angle between the radius
and a given location of the point charge; W is the ring’s axial
length (width); and F (x, θ) is a certain function of x and θ.
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Fig. 8. Simplified schematic for modeling of the full-ring-shaped metal
electrode [28].

The expression for the charge q′ induced on the ring is as
follows:

q′ = −Dq

4π

π∫
0

0.5D − x cos θ

F 2(x, θ)

×
(

z + 0.5W

[(Vst + 0.5W )2 + F 2(x, θ)]0.5

− z − 0.5W

[(Vst − 0.5W )2 + F 2(x, θ)]0.5

)
dθ. (12)

Both (11) and (12) can be solved using only numerical methods.
They also show that the moving point charge can be regarded

as an impulse input of the sensor. The impulse response so
obtained, in turn, is of use to them to determine the spatial sensi-
tivity of the sensor, which theoretically proves what Law [7] has
obtained experimentally, namely, that the maximum sensitivity
occurs for the nonaxial paths right next to the ring surface.

The authors neglect entirely the sensor capacitance in their
consideration. One could expect that, otherwise, the results
obtained should have been somewhat different from those
presented in the paper. Moreover, the electrostatic induction
occurs if and only if the nonzero sensor capacitance exists.
Its lack means that no charge is induced on any metal object,
and therefore, no current flows through wires or any closed
(grounded) system, and no accurate and reliable measurements
are possible at all.

In another paper, Yan et al. [29] discuss four different tech-
niques used for measuring the mass flow rate of randomly dis-
tributed solids flowing in pipes of pneumatic conveyance. These
methods are capacitive, electrostatic, microwave, and nucleonic
ones, which have homogeneous sensing characteristics. That
means that any solid particle contributes “equally to the flow
signal wherever it exists within the sensing field.”

They find that, in the case of electrostatic sensors, the full-
ring electrodes have the best homogeneity characteristics [28].
They conclude that “the ratio of the axial width to the diameter
(W/D) is a dominant parameter influencing the homogeneity
of the sensor.” When it is two, then the sensor has a homo-
geneous sensing field (zone) with a roughly 10% homogeneity
error. On the other hand, an increase in this ratio value can cause
“significant spatial filtering effects on the flow signals, resulting
in poor repeatability in the measurements of particle velocity.”

Gajewski [30], [36] proposes a very new model for the
method in which the point charges used formerly by many dif-

Fig. 9. Schematic of the measuring head [30], [36].

Fig. 10. Equivalent circuit diagram for the charged-particle column, ring
probe, and measuring device [30], [36].

ferent authors are replaced by a charged solid-particle column
traveling in a pipe. Only a certain part of the column contained
in the volume “seen” by the ring probe of the radius R and
the width l within its sensing zone of the volume V and length
L(L > l) and its net charge q of that volume of solid particles
is considered. The particle flow is assumed a fully developed
turbulent one and the distribution of a linear velocity v(r) in
the Y 0Z plane is uniform (flat profile), and there exists only
the axial component of the velocity, as shown in Fig. 9.

In both works, a final model is obtained for the three-
electrode system consisting of the net charge, the ring probe,
and the grounded electromagnetic screen. The equivalent circuit
diagram is shown in Fig. 10. The first of the works shows the
somewhat simplified consideration and the final relationship
obtained only between the probe potential and the net charge.
The second work presents the consideration based on the so-
lution of capacitance (induction coefficient) matrix equations
and of the integral form of the Gauss law. That results in
a more complex, proper, and, maybe, perfect form of final
relationships between the probe potential and the net charge or
its dynamic space-charge density that also includes the solid
volume loading. The probe potential is shown as a function of
those quantities for both the long- and short-time constants of
any measuring system, i.e., when the system transmits the probe
signals proportionally (a long-time constant) or differentiates
the signals (a short-time constant).

Both time-dependent potentials are obtained from

Φ2(s) =
Cp

C23

τs

τs + 1
Φ21(s) +

τ

τs + 1
φ2(0) (13)
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where Φ2(s) and Φ21(s) are the Laplace transforms of the
probe’s output potential and the Coulomb potential, respec-
tively; φ2(0) is the potential’s initial condition; Cp is the probe
self-capacitance; C23 is the total capacitance of the probe,
connecting wires, and preamplifier input; τ = R23C23 is the
system time constant; and R23 is the total resistance that con-
sists of the probe leakage resistance, the insulation resistance
of an electric wire, and the input resistance of a voltmeter or
preamplifier. The potentials have the following forms in the
steady state:

φ2(t) = aKqv1(t) + k′
Cqv1(0)

= bKq1(t) + k′′
Cq1(0), for sτ � 1 (14a)

φ2(t) = aT
dqv1(t)

dt
= bT

dq1(t)
dt

, for sτ � 1 (14b)

where T = R23Cp is also the time constant, and a, b, K, k′
C,

and k′′
C are, respectively, the following coefficients:

a =
R2

4εε0
ln

√
R2 + (L/2)2 + L/2√
R2 + (L/2)2 − L/2

= kL
R2

4εε0

b = kL
1

4πεε0

1
L

K = Cp/C23

k′
C = k′′

CV

= C12(C12C13 + C12C23 + C13C23)−1V.

The more general form of a frequency-response function
modulus for the transient response of the probe potential φ2(t)
to the rectangular pulse q1(t) (a single point charge is consid-
ered and not a net charge of the particle column) [35] and for the
same equivalent circuit diagram, as that in Fig. 7, is obtained as
follows:

|Φ2(jω)| = 2kq1τ
|sinω(b/2υ)|√

ω2τ2 + 1
(15)

where ω is the probe’s signal fundamental angular frequency
in the frequency spectrum; q1 = q1(t) is the point-charge
variations with time within the probe’s sensing-zone volume;
τ = R23C23 + R23C12C13(C12 + C13)−1 is the system time
constant; k is a factor of proportionality; b is the probe width;
and υ is the mean flow velocity of solid particles.

The result obtained is different from that by other authors
[13], [16], [18] because, here, the real value of the total resis-
tance R23 is assumed to be finite (R23 � ∞) even if very high.
The measuring-system bandwidth can be explicitly determined
from the first zero of |Φ2(jω)| or |U23(jω)| and is expressed as

ωc = 2π
υ

b
(16)

where ωc is the probe’s signal cutoff angular frequency.
It is proved that, in general, the bandwidth of the probe is that

of a bandpass filter according to (15). Depending on the probe’s
width, the particle flow velocity, the range of signal frequen-
cies, the time constant, and so forth, the probe’s amplitude–

frequency-response characteristic can be that typical of a high-
pass filter, and the probe’s input signal can be differentiated for
the relatively low frequencies up to ωc. The metrological analy-
sis of the theoretical model (15) enables the author to establish
and use a certain criterion for the determination of the optimum
probe bandwidth for the best probe’s signal differentiation. The
criterion is as follows:

0 < ω
b

υ
≤ 0.4. (17)

Equation (17) shows that the time constant is extremely
small and that the probe has no upper frequency limit because
0.2 � π. The probe differentiates the input signals within the
range of frequencies from 0 to (2πτ)−1, but above this range,
the output signal is proportional to an input one—the probe gain
is 0 dB. For the frequencies ranging from 0 to 0.14(2πτ)−1 =
(45τ)−1, the perfect differentiation occurs with the relative
error smaller than 1%.

For a certain range of frequencies or probe widths, or flow
velocities, when the condition (17) is satisfied, the probe acts as
an actual differentiating device if the time constant is such that
ω2τ2 + 1 has always such a form over a certain and rather wide
range of frequencies. It can also be an ideal differentiating de-
vice when the time constant is so short that ω2τ2 + 1 → 1 over
a relatively wide range of frequencies. The bandpass frequency
characteristic exists only for the very low and medium values
of the time constant, i.e., when τ → 0 and τ is such that there
is ω2τ2 + 1 over a relatively wide range of frequencies as well.

Summary: The decade abounds with many new proposals of
mathematical and physical models of the method, along with an
analysis of their spatial, static, and dynamic properties, which
makes a significant and valuable contribution to the method de-
velopment. In the theoretical relationships established between
the probe or measuring-system output signal and the probe
input, the effect of an electromagnetic screen on the output is
taken into consideration for the first time. An electromagnetic
screen is a grounded measuring head or chamber in whose inte-
rior the probe and electronics (e.g., preamplifier) are placed. To
find the best model of the method, the considerations presented
are based on both the solution of the Poisson equation and
the solution of the set of induction matrix equations including
self- and mutual capacitances of the system: charge–probe with
and without electronics–electromagnetic screen. The static and
dynamic properties are shown using the frequency-response
function for the transient response of the probe potential to a
rectangular pulse of charge flowing within the sensing zone of
the probe.

E. 1998–2007

The method of images is applied to determine the theoretical
level of charge induced by a point charge passing over, and
on an earthed flat, finite, and conducting plane that represents
an internal surface area of a cylindrical probe [37], as seen in
Fig. 11. The method is based on similar field distributions that
exist for a point charge located above an infinite conducting
plane at zero potential and for an equal but opposite charge
located at the mirror-image point behind the plane.
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Fig. 11. Finite conducting plane charged by the electrostatic induction in the
electric field of a passing charged particle [37].

Armour-Chélu et al. obtain the “relatively simple model”
used for the analysis intended to indicate the relative signal
magnitude that “would result from the passage of particles
through the sensor at various velocities.” The model is based
on the idea of a single finite conducting plane proposed by
Murnane et al. [32] who have further developed it into a
model that uses four finite planes arranged as a square-section
electrode. One can then treat the electrode as a cylindrical probe
on which the charge can be induced.

The universal form of a relationship between the point charge
Q and the charge induced on the plane QIND is as follows:

QIND =
−Qh

2π

x2∫
x1

y2∫
y1

(x2 + y2 + h2)−1.5dydx

=
−Qh

2π

[
arctan

(
x2

h

y1

(y2
1 + x2

2 + h2)0.5

)

− arctan

(
x2

h

y2

(y2
2 + x2

2 + h2)0.5

)

− arctan

(
x1

h

y1

(y2
1 + x2

1 + h2)0.5

)

+ arctan

(
x1

h

y2

(y2
2 + x2

1 + h2)0.5

)]
(18)

where x, y are the coordinates on the plane; x1, x2 and y1, y2

are the limits to the length and width of the plane, respectively;
and h is the height of the charge Q above z = 0.

There is no similarity between (12) and (18) for the charges q′

and QIND induced on the electrodes, as obtained by Yan et al.
and Armour-Chélu et al., because the first expression is derived
for a point charge at an arbitrary position within the ring elec-
trode. The latter is obtained for a point charge Q representing
“a charged particle passing over an earthed conducting plane.”
In both cases, there is also a lack of taking electrode capacitance
into consideration by the authors.

The voltage VOUT(t) at the output of a charge amplifier is
obtained by integrating the induced plane current I(t) propor-
tional to the plane charge and, at the same time, to the point
charge, and is expressed by

VOUT(t) = H
1
τ

∫
I(t)dt (19)

where H is the amplifier gain; τ is the amplifier time constant;
and I(t) is the induced current.

Fig. 12. Schematic of the copper-ring probe [37].

The aforementioned results are applied to model a cylindrical
ring electrode to be employed in the mass flow rate and particle
size measurements when the charged solid particles travel
through the probe, and in the probe signal frequency analysis.
The authors use in their experiments a copper-ring probe being
mounted on the polyethylene insulating section that separates
the probe from the particle pipe flow (Fig. 12).

They conclude that “the signal processing of the data from
the probes seems to reveal information about the flow of parti-
cles in a pipeline. The power spectral densities highlight a pos-
sible method for inferring the velocity of the particles traveling
closest to the pipeline wall. For a constant suspension density,
any variation in particle size will be reflected in the power
spectral density.” The conclusion is similar to those given
earlier in the literature of the subject (e.g., [5], [25], and [33]).

Such a type of full-ring-shaped electrostatic flow probe has a
linear static characteristic. It is proven experimentally using real
charged polypropylene granules falling down through vertical
and inclined pipes [41] and a wire antenna fixed coaxially
with the geometrical axis of the probe and supplied with the
sinusoidal signals to induce a time-varying potential (signals) in
the probe [43]. In addition, the theoretical numerical static char-
acteristics of the probe are linear after the computer simulation
and dc analysis of the equivalent circuit of the probe and pream-
plifier have been done using a PSpice circuit simulator [43].
The significant contribution to the method development has the
work on the frequency response and bandwidth of the electro-
static flow probe [44]. Both the static and frequency characteris-
tics are determined in the experimental setup shown in Fig. 13.

The static characteristic obtained during the experiments
in which the antenna has been energized with the sinusoidal
voltage Uin of different rms values and frequencies is shown
in Fig. 14 for a preamplifier gain |ku| of one. The other
gain |ku| = 64 is also used. Since |ku| = 1, then the total
characteristic is that of the probe itself. This characteristic
is generally a continuous function of a pair of variables
(Uin, Uout), where Uout is the preamplifier’s output voltage
and passes through the origin of the system of coordinates.

For the extreme values of the input-voltage frequencies,
the following linear relationships (static characteristics) were
obtained for |ku| = 1:

Uout = 0.05045 · 10−3Uin + 4.57836 · 10−6

∼= 0.00005 Uin, for f = 0.05 kHz (20)

Uout = 18.0461 · 10−3Uin + 856.418 · 10−6

∼= 0.01805 Uin, for f = 5.00 kHz. (21)
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Fig. 13. Experimental setup for determining the static and frequency-response characteristics of the electrostatic flow-probe–preamplifier system [43], [44].

Fig. 14. Experimental static characteristics of the probe–preamplifier system
for |ku| = 1 [43].

The aforesaid equations show the strong dependence of
the probe–preamplifier system sensitivity on the input-signal
frequency. The lower the frequency, the less sensitive is the
probe–preamplifier system. “One can explain it in terms of
the amplitude–frequency-response characteristic of the system,
which is typical of a bandpass filter. Namely, the system
attenuates its input signal strongly within two ranges of fre-
quencies: below its lower cutoff frequency and above its upper
cutoff frequency; only those signals of the frequencies from
among those between two limiting frequencies are transmitted
proportionally.”

The amplitude–frequency-response characteristic of the
probe–preamplifier system or the probe itself is of importance
because it provides information about dynamic properties
and, in particular, about bandwidth in the steady state [44].
Bandwidth generally reveals how the system responds to
time-varying signals.

To show the dynamic properties and bandwidth of the
probe–preamplifier system, the frequency-response character-
istics are measured in the experimental setup (Fig. 13) using

Fig. 15. Frequency-response characteristics of the probe and preamplifier for
|ku| = 1 and 64 [44].

an experimental procedure similar to that in which a thin-wire
antenna is supplied with sinusoidal voltages of 20 and 6 V for
gains of 1 and 64, respectively. The results of those experiments
are presented in the form of graphs of the amplitude–frequency-
response characteristics Lm(ω) in logarithmic scales. The
sample characteristics are shown in Fig. 15.

The simulation of an equivalent modeled circuit of the real
probe–preamplifier system and an ac analysis of this circuit
have been made using a PSpice circuit simulator to calculate
the frequency response of the system and of its separate parts:
the probe and the preamplifier over a range of frequencies. The
simulated frequency characteristics and bandwidths are shown
in Fig. 16.

The characteristics shown in Figs. 15 and 16 prove that
the probe acting within a really existing system consisting of
a signal source and (pre-)amplifier is rather a differentiating
device for the low-frequency components of its input signals
generated by electrostatic flow noise. The amplitude–frequency
characteristics of the probe–preamplifier system and of the
probe itself are typical of a bandpass filter and a high-pass
filter, respectively.

Last papers of the decade that deal with the method and its
modeling and that, in part, sum up certain important historical
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Fig. 16. Frequency-response characteristics of the (1) probe–preamplifier
system, (2) probe, and (3) preamplifier for τ = 75.0 μs and |ku| = 1 [44].

Fig. 17. Equivalent electric circuit of the probe–MI for a point charge [49].

achievements in the method development as it appears, are
those by Gajewski [46], [49].

The author considers the following two cases: a point charge
Q0 being an equivalent of the “frozen” net charge of all charged
particles located in the sensing zone of the metal-ring probe
and traveling rectilinearly and coaxially at the velocity υ and a
charged particle flux (e.g., powder column as in [30] and [36])
with the net charge q(t) of particles in the probe’s sensing zone
(Fig. 17). The models are derived for the probe–measuring-
device (MI) system including the electromagnetic screen
being at zero potential (ϕ2 = ϕearth = 0), which constitutes a
three-body system. The probe’s output current for the node 1 is
expressed as follows:

i(t) = −C1
dϕ1

dt
− Q0

dk1

dt
(22)

where C1 is the probe’s ground capacitance; ϕ1 = ϕ1(t) is the
total probe potential that is an algebraic sum of the approxi-
mately Coulomb potential induced by the point charge Q0 and
of the potential produced by the charge induced on the ring Q1

and strongly dependent on the combination of the system ca-
pacitances C1 and C; Q0 is the point charge; and k1 is a certain
coupling factor that depends on the point-charge velocity.

The following form of the Laplace transform of the probe
potential ϕ1(t) for the system whose all known electrical
parameters are taken into consideration is obtained:

Φ1(s) = − sR

sτ + 1
Q0k1(s) +

s

sτ + 1
A(0) (23)

where R is the total resistance of the probe’s leakage
resistance, the insulation resistance of connecting wires, etc.,
and the input resistance, for example, of a preamplifier of the
MI; τ = R(C1 + C) = RC∗ is the system time constant; s is
a complex independent variable of the Laplace transform; and
A(0) is the initial condition.

For the same equivalent circuit of the system (Fig. 17)
but taking the time-varying net charge q(t) and the dynamic
space-charge density ρ(t) into consideration, the Laplace
transform of the probe potential ϕ1(t) has the follow-
ing form:

Φ1(s) =α
C1

C∗
sτ

sτ + 1
ρ(s) +

τ

sτ + 1
ϕ1(0)

=β
C1

C∗
sτ

sτ + 1
q(s) +

τ

sτ + 1
ϕ1(0) (24)

where ϕ1(0) is the initial condition.
Summary: There are several research papers published in

the decade. They deal with the application of the method to
measurements of the mass flow rate and particle size. The
ring probe itself is modeled to be employed in the probe’s
signal frequency analysis. The amplitude–frequency character-
istics are obtained during laboratory experiments, as well as
during a computer simulation of the real probe–preamplifier
system. The characteristics reveal that the ring probe has the
characteristic typical of a high-pass filter. The linearity of the
static characteristic is also shown on the basis of experimen-
tal results and computer simulations using a PSpice circuit
simulator.

Two other papers are also a certain final conclusion or
summary of the method modeling and development. Some new
approaches to modeling are different from the former ones.

While writing this paper, some new papers on the method
have been published [51]–[53]. These concern mainly the adap-
tation of the method to charge measurement on the basis of
the currents induced in a grounded cylindrical probe with and
without triboelectric particle charging. One of the papers deals
with the spatial sensitivity, spatial filtering effect, and temporal
frequency-response characteristics obtained after the numerical
analysis that uses the finite-element method has been done. The
analysis is based on the models [15], [28].

III. CONCLUDING REMARKS

In the historical development and evolution of the electro-
static nonintrusive method for measuring the electric charge,
mass flow rate, volume loading, and velocity were the peri-
ods of a more and less intense interest in and work on the
method. Unfortunately, in the last 50 years, there were many
papers on the subject, but their authors presented some research
results of their experimental work, in which they employed
the method, or some mathematical models for the electrostatic
probes, sensors, transducers, etc., of different shapes once,
and sometimes twice, and . . . they never again published the
results of continuation of their work on the method; there were
no further reports on their research in this field. An increase
in the interest in the method and the period of “prosperity”
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to its improvement or development of the method and the
real measuring systems based on it fell off on about the last
20 years.

The mathematical modeling and design of measuring sys-
tems and instruments, as presented in many works cited earlier,
and based on the nonintrusive electrostatic method in which
noncontact electrostatic flow probes, sensors, or transducers
are employed, must take the capacitance and resistance of
these detectors, wires, (pre-)amplifiers, and other processing
electronics into consideration. These electrical parameters are
essential and crucial from both the physical and metrological
points of view according to the aforementioned review of all
the selected works published within the period of 50 years.

The capacitance plays a very important role in the electro-
static induction of both charge and potential on the electrostatic
flow probes, sensors, etc., in any measuring system based on
the method. The induction occurs if and only if the nonzero
capacitance exists. As proved in [49], if one assumes that the
capacitance of such a probe, sensor, etc., does not exist, then
there is no capacitive coupling between, e.g., point charge and
the probe, and as a result, no charge is induced on the probe, and
no current flows between the probe and the earth. The capacitive
coupling is expressed by the so-called coupling factors [54],
which describe the degree to which electric flux associated with
the point charge terminates, e.g., on the probe.

The resistance and the capacitance are also particularly im-
portant to obtain the desired effect of transmitting the wide
frequency band of signals, or more precisely of the electrostatic
flow noise, detected by the probe in the form of stochastic sig-
nals and generated by the small irregular band-limited Gaussian
variable fluctuation superimposed on the average flow of
charged solid particles in transporting pipes. The time constant
so obtained enables one to shape the amplitude–frequency-
response characteristics and thus to increase or decrease the
useful bandwidth of the whole measuring system according to
the needs and/or the measurement conditions.

The bandwidth is a resultant one of the component band-
widths of the probe itself and the MI, and it should be modeled
and fit carefully. The probe’s width also exerts influence on
the bandwidth and should always be taken into account while
designing the flow probes or sensors.

The methods of electric-circuit analysis should also be used
while deriving an equation of the probe’s output signal, even if
in a simplified form, and while analyzing, e.g., its bandwidth
and the bandwidth of the whole measuring system or MI. It
was proved, specifically in the papers published at the end of
the 1990s.

The devices of that type, as the electrostatic flow probes are,
should be analyzed mathematically and metrologically along
with their electric circuits as a whole in which they are intended
to work. These devices must be treated as integral parts of an
MI or measuring system that includes the flow probe and the
accompanying preamplifier or other processing electronics.

The quality of operation of the whole measuring system
therefore depends strongly on the probe construction and its in-
tegral electrical parameters, as well as wiring and a measuring-
instrument input, and the probe’s input signals, particularly
their frequency band.
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