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Abstract:  The paper deals with the continuous monitoring of electrostatic fire and explosion hazards 
that can occur at the inlet to electrostatic precipitators (ESPs) when highly charged dust particles are 
transported by a gas carrier that can be the mixtures of both incombustible and combustible flue 
gases. The risk of ignition and even explosion is especially high in the presence of an explosive mix-
ture of oxygen and, e.g., hydrocarbons, carbon monoxide, etc. To avoid the danger of electrostatic 
discharges and their consequences for a whole installation including an electrostatic precipitator a 
method and a specially designed and built system should effectively enable the continuous monitor-
ing of the hazards and should immediately manage any automatic control system or some control 
elements. Some theoretical considerations concerning the method proposed, the physical quantities 
that must be measured, and the derivation of a novel dynamic safety criterion for assessing the risk of 
hazardous electrostatic discharges are presented. Finally, the author presents and discusses the possi-
ble practical application of the microprocessor-based measuring system verified experimentally in 
the past to the continuous monitoring of the hazards and to the management of an automatic control 
system to be put into operation. 
 
 
1. Introduction 
 
Still little is known about electrostatic fire and 
explosion hazards as a result of tribocharging 
and electrostatic discharges especially during 
the pneumatic transport of solid particles in 
pipelines and during filling silos, vessels, bins, 
etc. though explosions in the foodstuffs and 
petrochemical industries occur rather fre-
quently [1]. The mechanisms of tribocharging 
and their contribution to the final stage of 
charging of any solid object in both the micro- 
and macroscopic scales are not well recognized 
since there is still a lack of a general theory of 
electrification of a matter under dynamic con-
ditions. The processes of charging and dis-
charging under such conditions are not too well 
known and understood because dusts, powders 
and other granular solid materials dispersed in 
a gas carrier in a pipeline generate the prob-
lems in their transport that are much more 
complex than those in the case of liquids [2]. 
This is so because the process of exchanging 
the charge between solid particles and pipe 
walls is complex and depends upon many vari-
ous factors, e.g., the flow velocity, the angle of 

impact, sliding, rolling, rubbing, and bouncing. 
The process also depends upon the shape, size 
and type of solid particle (an elastic or inelastic, 
or rigid body) that take part in elastic or inelastic 
collisions between the particles themselves as 
well as their impacts with a pipe’s wall. This is 
also closely connected with the different intrin-
sic physical and chemical nature of both types 
of materials [3–7]. 

There are a lot of factors and parameters that 
characterize solid particles being pneumatically 
conveyed as well as the parameters of a transport 
installation and transport itself these having im-
portant influence on any nuisances, disturbances, 
and finally fire and explosion hazards in the 
whole pneumatic transport system including a 
pipeline, silos, vessels, collectors, driers, and 
other elements of the system. In the case of solid 
particles, their features and properties can be as 
follows: their chemistry, the size distribution, the 
specific surface area, the resistivity and permit-
tivity, some critical concentration, humidity (wa-
ter content = equilibrium moisture content), etc. 
[4–6, 8–10]. Their pneumatic transport is charac-
terized by its following parameters: the mean ve-
locity, the mass flow rate, the gas carrier flow 
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rate, the dimensions of a pneumatic transport 
pipe (its cross-section area and length), the di-
mensions of a silo, vessel, etc., the configuration 
and shape of pipes (bends, elbows, constrictions, 
and their number, that intensify turbulence and 
tribocharging), their material, and finally the 
temperature and humidity of a gas carrier [e.g. 6]. 

All the above-mentioned features, proper-
ties, and parameters exert influence on tribo-
charging of solid particles and also determine 
the minimum ignition energy (MIE) of particu-
late material conveyed in a pipe [11–15]. If the 
maximum effective energy of an electrostatic 
discharge is greater than the MIE of dust parti-
cles then ignition of the dust suspended in air or 
in the mixture of more different gases is possi-
ble [13, 16]. It is especially hazardous when an 
explosive mixture contains oxygen and, e.g., 
hydrocarbons, carbon monoxide, etc. Under fa-
vourable conditions, the flame so formed and 
not extinguished at once (or just in time) can re-
sult in a fire and even an explosion. This is also 
possible in the case of electrostatic precipitators 
(ESPs) [17, 18]. 

Because the ignition source does not have to 
come from within an electrostatic precipitator 
(ESP), therefore one must continually and accu-
rately monitor the zones in a certain distance be-
fore an ESP’s inlet to properly and quickly pre-
vent the risk of a fire and explosion. This risk can 
occur both when dispersed solid particles them-
selves have quite a high net electric charge to 
produce an electric spark; it is possible when an 
electric field strength between the charge and, 
e.g., the earthed duct’s or ESP’s wall exceeds the 
breakdown strength of air the value of which un-
der atmospheric conditions is about 3×106 V⋅m−1. 
(The breakdown strengths of different solids are 
of one to two orders of magnitude greater than 
that of air.) The charge on solid particles travel-
ling in a transporting duct can be or is a bipolar 
one [16] because of the heterogeneous nature of 
various natural materials and can separate to form 
a kind of capacitor within the powder column in 
a duct, and then there is also some risk of electro-
static discharge within the column. Both above 
situations can be the source of ignition of the dust 
itself or the dust–gas mixture. One can predict 
that if the material being processed or burnt in a 
boiler is heterogeneous, its final form or the flue 
gas is also of a heterogeneous nature. 

The statistics show that only in Germany the 

electrostatic-type discharges constituted almost 
8.7% of total of the 426 dust explosions in the 
years 1965–1985 [19]. These discharges in 
18.6% were the most common and dominating 
ignition sources in conveying systems. There are 
not too many news and publications on the fires 
and explosions caused by electrostatic dis-
charges in the ESPs. Some information is pro-
vided by some authors in their papers and by 
companies that supply products and services to 
protect people and industrial installations from 
the danger of a fire and an explosion [25–30]. 
FIKE Corporation in their leaflet gives the fol-
lowing information [29]: “Explosion history. 
Loss history for the past ten years due to dust 
explosions from FM Global Data Sheet 7-76: 
Four in electrostatic precipitators for a loss of 
$2,988,000.” 

To avoid, reduce, or only minimize any poten-
tial risk of nuisances or disturbances in the ESP’s 
operation or of electrostatic discharges resulting 
in fires, explosions, or both in a duct at the inlet 
to the ESP or in the ESP’s interior the author 
proposes to continuously monitor the electro-
static hazards during the gas–solid flows in the 
ducts transporting dusts, powders, and other par-
ticulates from boilers and other industrial proc-
esses to the ESPs. The idea and method for con-
tinuous monitoring the hazards and protecting the 
ESPs against them are presented below. 
 
2. Theoretical considerations 

2.1. About the method 

The method proposed is a non-intrusive elec-
trostatic one and based on the phenomenon of 
electrostatic induction, and permits the con-
tinuous real-time measurements of the physical 
quantities being characteristic of pneumatic 
transport and the constant monitoring of tech-
nological processes where required [7, 20–24]. 
It is especially useful where the fire and explo-
sion hazards from static electricity occur. 

The method can be applied to measurements 
of the following physical quantities: 

• the electric charge of single solid particles 
or droplets suspended in a gas (air) carrier in the 
ambient, open air or enclosed ducts or pipes as in 
pneumatic transport; 

• the net electric charge or dynamic space 
charge density of solid particles or droplets in a 
gas (air) carrier in the ambient, open air or flow-
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ing in the pipes of pneumatic transport; 
• the mass flow rate, volume loading, or 

concentration of charged solid particles in the 
pipelines; 

• the mean flow velocity of charged solid 
particles in the pipelines. 

It also enables one to compare measurement 
data with criteria values given in some dynamic 
safety criteria established by the author [25, 26]. 

In the method electrostatic flow probes are 
employed that are metal and of a ring shape. (By 
the way, the shape can be arbitrary.) These are 
mounted in a specially designed and built meas-
uring chambers (heads) that are put in a duct, 
e.g. between two flanges. The probes have their 
sensing (viewing) zones where the probes are 
able to detect the net or any charge within the 
zones, which are always somewhat longer than 
the axial width of the single probe. The probe 
has such an area where the single charged parti-
cle travelling through it starts and ends to visibly 
induce charge and potential on the probe by 
electrostatic induction [e.g. 7]. 

The flow of charged particles in the duct or 
pipe generates electrostatic noise, which is a 
good source of information about the gas–solid 
flow parameters: the mass or volume flow rate, 
concentration or volume loading, mean flow ve-
locity and about the particles’ net charge. All the 
above mentioned quantities are measured indi-
rectly through the measurement of the potential 
induced in the probe or of the voltage established 
between the probe and any nearby earth, e.g. the 
earthed housing of a measuring chamber in the 
interior of which the probe is located. 

The description of the non-intrusive electro-
static method and the microprocessor-based 
measuring system based on it will be presented 
further in the text. 
 

2.2. Some theory of measurements 

To properly assess the electrostatic fire and ex-
plosion hazards in the ducts and pipes it is nec-
essary to measure or know the net charge, as 
carried by dust, powder or another particulate 
solid both in flue gases or other gases, that flows 
to the ESP. The crucial parameters of the flow 
itself to be determined are the mass flow rate or 
volume loading and the mean flow velocity of 
solid particles. 

In the further considerations instead of the 
ring probe, simply the probe is used because of 
different shapes of the cross section of a duct or 
pipe. The shapes can be circular, rectangular, or 
any other. 

The mass flow rate )(tm&  for the constant 
specific density ρ of a disperse phase (solid par-
ticles), the cross-sectional area A of the trans-
porting duct or pipe, and the mean flow velocity 
υ is a function of the solids volume loading σ(t) 

( ) ( )m t A tρ υσ=& . (1) 

The volume loading σ(t) is linearly dependent 
on the net charge q(t) of particulates being at 
any moment within the sensing zone [25] and is 

Vq

tq
t

vs

)(
)( =σ , (2) 

where qvs is the static space charge density and 
V is the sensing zone’s volume. 

It is assumed that in the volume V the velocity 
υ of solid particles does not change significantly 
along the zone’s length L at all. In addition, the 
distribution of particle velocity (the velocity pro-
file) over the duct’s (pipe’s) cross section is uni-
form for fully developed turbulent flows. 

From Eq. (2), it results that 

V
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)()( vsvd == σ , (3) 

where qvd(t) is the dynamic space charge density 
– the author introduced this term into the litera-
ture of the subject for the first time yet in 1990 
[25]. The volume of transporting gas (air) Vo in 
the sensing zone is usually much greater than the 
volume of a disperse phase Vp and it can be as-
sumed that the gas carrier’s and sensing zone’s 
volumes are equal to each other: Vo = V. The 
static space charge density is also constant in the 
sensing zone, as assumed. 

With the use of the non-intrusive electro-
static method proposed one can measure the 
voltage U(t) established between the probe and 
the earth – here an earthed housing of the 
measuring chamber (head). The net charge be-
ing within the zone induces potential ϕ(t) in the 
metal probe and as the voltage U(t) can be 
measured by any measuring system built on the 
basis of the non-intrusive electrostatic method 
[7, 23, 24]. The known voltage measured sim-
ply permits the determination of the net charge 
q(t) or dynamic space charge density qvd(t) af-
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ter a measuring system has been calibrated. 
Hence, the determination of the mass flow rate 

)(tm& and the volume loading σ(t) [according to 
Eq. (1)] is also possible since [7, 31] 

vd( ) ( ) ( )U t q t q tα β= =  (4) 

and 

vd( ) ( ) ( )m t q t q tγ δ= =&  (5) 

where: α, β, γ, and δ are the factors of propor-
tionality, and U(t) is the voltage measured be-
tween the metal electrostatic flow probe and 
the earthed measuring head. 

The comparison of Eqs. (1), (4), and (5) 
shows that the voltage is also proportional to 
the mass flow rate and volume loading. Hence, 
the measurement of the voltage permits the si-
multaneous determination of both quantities. 

The measurement of the mean flow velocity 
υ of a dispersed phase in the duct is performed 
using two same probes separated by a distance 
Lopt in the chamber. (The distance Lopt is called 
an optimum, correlated one [7, 22, 31].) This 
distance can be determined experimentally, 
predetermined theoretically, or both. 

The cross-correlation method is here em-
ployed to determine the transit time τ that is a 
measure of the mean flow velocity υ according 
to the formula 

τ
υ optL

= , (6) 

where the transit time τ is obtained from the 
maximum of the cross-correlation function 
Rxy(τ) when two voltage signals x(t) and y(t) of 
both probes are convoluted (cross-correlated) by 
software [7, 22, 31, 32]. The cross-correlation 
function has a well-known form 
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2.3. Dynamic safety criterion 

The assessment of the electrostatic hazards is 
based upon the so-called dynamic safety crite-
ria proposed by the author in 1990 [25, 26]. 
Those criteria were established for circular 

transporting pipes of a given diameter D. As a 
result, the powder column of charged solid par-
ticles of a diameter D was also analysed. 

Here the assumption is taken that solid par-
ticles travel downstream the duct of a rectangu-
lar shape. The flow is also a fully developed 
turbulent one and the cross section of a parti-
cles column is that of the dust. 

The modified dynamic safety criterion for the 
electrostatic hazard’s assessment in a rectangular 
dust is derived now. Let the duct has the width W 
and the height H within the sensing zone of the 
length L. The axial probe’s width is w and w < W. 
The dimensions of the flow probe and its sensing 

zone are shown in Fig. 1. 

The Gauss law for the net charge within the 
zone is as follows taking also Eq. (3) into ac-
count 
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where: Ed(t) is the electric field strength on the 
side surface S of the powder column within the 
zone and is approximately equal all over the 
surface, as assumed, and S = 2(W + H)L; V = 
WHL is the zone’s volume; ε is the relative 
permittivity (dielectric constant), and ε0 is the 
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H 
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L 
w 

 

Fig. 1. The shape and dimensions of the flow probe and 
its sensing zone. 
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permittivity of free space (= 8.854×10−12 F⋅m−1). 
The electric field strength is then 
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To get the dynamic safety criterion the elec-
tric field strength from Eq. (9) is compared 
with an upper limit of the electric field strength 
Em (the breakdown strength of air) whose value 
is Em ≅ 3×106 V⋅m−1 in the ambient air under 
uniform electric field conditions and normal 
temperature and pressure. The condition Ed(t) < 
Em must then be satisfied and the following re-
lationship is obtained 
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Multiplying both sides by 2εε0 and taking ε = 1 
(for air) into account gives the following dy-
namic safety criterion 
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As said above, the measurement of the voltage 
U(t) gives information about the net charge q(t) 
or its dynamic space density qvd(t) and for the 
known and constant sensing zone’s dimensions 
W, H, and L, a specially designed, built, and pro-
grammed microcomputer-based system can 
monitor continuously the time-variations of the 
net charge or it space density and compare with 
the right side of the inequality in Eq. (11). The 
criterion in Eq. (11) can, of course, be rearranged 
and instead of q(t) or qvd(t), one can apply, e.g., 
U(t). The dynamic space charge density is pro-
portional to the volume loading and simultane-
ously to the mass flow rate and mean flow veloc-
ity. Hence, it is necessary to monitor the varia-
tions of these mechanical quantities that charac-
terise the gas–solid flow in the duct and which af-
fect the process and level of tribocharging, which 
in turn can result in an electrostatic hazard. 
 
3. Practical application 
 
The non-intrusive electrostatic method is based 
on the phenomenon of electrostatic induction and 
permits the continuous real-time measurements 

of all the quantities described above and apply 
the dynamic safety criterion established – Eq. 
(11). On the basis of the method the microproc-
essor-based measuring system was built to enable 
the constant, routine monitoring of different 
technological processes where required [7, 20–
24]. Thanks to a special software program the 
system can measure the basic, required quanti-
ties, and can calculate end numerical values ac-
cording to the left side of the dynamic criterion, 
as in Eq. (11), for given (here: W, H, and L) and 
measured [e.g. q(t) or qvd(t), or U(t)] values. Fi-
nally, when the criteria, permitted, and safe lev-
els, as results from the comparison of the left side 
with the right side of the inequality in Eq. (11), 
are reached or exceeded, then the system can ap-
ply accepted standard procedures immediately to 
decrease the flow velocity, to reduce the mass 
flow rate, to partly (or even entirely) neutralize 
the charge, etc. To use the procedures a special 
executive system must be added that is coupled 
with the microprocessor-based system to manage 
the operation of a control element (or elements), 
an actuator (actuators), etc., or to activate process 
control equipment or an automatic controller 
(controllers), or to manage a whole automatic 
control system, if necessary. 

The whole system for monitoring the electro-
static hazards is shown in Fig. 2 in a simplified 
form, as is a fragment of the pneumatic transport 
installation as the one to be used to convey dust-
laden gas to the ESP. The fragment consists of 
the following parts: an earthed housing of the 
measuring head (1) which is an electromagnetic 
screen to protect the interior of the chamber 
against any spurious external interferences and 
provides a mechanical support; two metal elec-
trostatic flow probes (2); flanges (3) to enable 
one to insert the chamber into the duct; an 
earthed duct (4) along which the dust-laden gas is 
conveyed downstream to the ESP; a dielectric 
fragment of a duct (5) on which the flow probes 
are mounted, and an electrostatic precipitator (6). 

Two stochastic, analogue signals x(t) and y(t) 
of both probes are the voltage signals. These are 
proportional to electrostatic noise generated by 
the flow of charged particles within the sensing 
zones of both probes. The noise induces potential 
and charge in the probes by electrostatic induc-
tion. The probes are very sensitive sensors and 
can detect even the smallest fluctuations in the 
noise. Each of the signals is initially amplified by 
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preamplifiers to be converted by analogue-to-
digital (A/D) converters with the relatively small 
error of quantisation that is to use their full dy-
namics [32]. The preamplifiers should be located 
as close as possible to the probes and therefore 
they are inside the head. The A/D converters are 
also put in the head. 

Before any measurements and use in a given 
installation the microprocessor-based system has 
to be calibrated. The voltage measured is propor-
tional to the net charge as is the mass flow rate or 
volume loading – Eqs. (4) and (5). The charge is 
dependent on the humidity of air, and especially 
on the equivalent moisture content of solid parti-
cles. Therefore it is crucial that the system’s cali-
bration be performed for a given range of the 
equivalent moisture contents. It is obvious that 
such calibration “takes account” of other condi-
tions existing in a given duct or installation in-
cluding its geometry and dimensions, and the in-
tensity of two-phase gas–solid flow and the 
dominating, principal type of solids flow pattern 
– homogeneous, stratified, annular, roping, etc. 

There is no need to calibrate the system when 
it works only as the one for measuring the mean 
flow velocity with the use of the cross-correlation 
method which is not sensitive to any spurious 
signals that are strongly rejected since they have 
no correlation with the input signals. The system 
then determines only the transit time of a tagging 
signal (a frozen flow pattern) in the flow of solid 
particles that travel downstream between two 
electrostatic flow probes separated by Lopt. 

The digitised measurement data are processed 
to obtain information about the net charge, dy-
namic space charge density, mass flow rate, vol-
ume loading, and so forth. These values can be 
obtained from only one probe. The microproces-
sor-based measuring system displays all the data 
obtained and collected from both measurements 
and calculations, and next the data are stored in a 
system’s memory. 

When the value calculated of the left side of 
the dynamic safety criterion tends to, reaches or 
exceeds the right side value, then the microproc-
essor-based measuring system starts immediately 

Gas–solid mixture

6

Analog part 

Preamplifiers 

Microprocessor-based part 

A/D converters 
Data processing and cross-correlation 
[U(t), q(t), qvd(t), Rxy(τ), τ, υ, other] 

Data collection 
Display of measurement and numerical data 

Memory 
Management of operation of control elements 

Control element(s) 
Actuator(s) 

Process control equipment 
Automatic controller(s) 

To the system

x(t) y(t)

Clean gas

Solid particles
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1 2
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Fig. 2. Schematic of a fragment of the pneumatic transport installation for conveying a dust-laden gas to an electro-
static precipitator and the system for monitoring the fire and explosion hazards. Description in the text. 
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to manage the whole automatic control system or 
only some control elements. For instance, it can 
cause the flow velocity of dust-laden gases to be 
reduced, a charge neutralizer to be turned on, 
and/or an inert gas to be let into a duct, and so on. 
Sometimes one must take other necessary and ef-
fective safety or precautionary measures. All the 
safety measures must be used appropriately, pre-
cisely, and according to the safety guidelines and 
technological requirements. 
 
4. Concluding remarks 
 
It is believed that presented and proposed here 
the way of monitoring and protecting these in-
stallations at the end of which the ESPs are lo-
cated seems to be effective and useful under real 
industrial conditions. The non-intrusive electro-
static method and the microprocessor-based 
measuring system were worked out many years 
ago and verified experimentally in long-lasting 
laboratory tests and in a technological installa-
tion. The results of those experiments were pub-
lished extensively over around 15 years and were 
used by many authors in their work. Therefore it 
is possible and even necessary to try to employ 
the method and especially the microprocessor-
based system in a real installation at the inlet to 
the ESP. It is advisable that the routine monitor-
ing be carried out where really explosive dust-
laden gases occur and the electrostatic fire and 
explosion hazards are potentially high. 

It is worth mentioning that in some cases in 
the dynamic safety criterion one can apply, e.g., 
the 10% factor of safety. It means that the right 
side value in Eq. (11) can be lower by 10%. 
 
References 
 
[1] Bright A.W., Electrostatic hazards in liquids 

and solids, J. Electrostat., 4 (1977–1978) 
131. 

[2] Glor M., Hazards due to electrostatic charg-
ing of powders, J. Electrostat., 16 (1985) 175. 

[3] Gajewski J.B., Szaynok, A., Charge meas-
urement of dust particles in motion, Proc. 
4th Int. Conf. on Electrostatics ELECTRO-
STATICS ’81, The Hague, The Nether-
lands, May 6–8, 1981, in: J. Electrostat., 10 
(1981) 229. 

[4] Bailey A.G., Electrostatic hazards in pow-
der silos, Proc. 7th Int. Conf. on Electrostat-
ics ELECTROSTATICS ’87, Oxford, Eng-
land, 1987, in: Inst. Phys. Conf. Ser. No. 85: 
Bill Bright Memorial Lecture, 1. 

[5] Gajewski, J.B., Charge measurement of dust 
particles in motion – Part II, J. Electrostat., 
15 (1984) 67. 

[6] Hearn G., Static Electricity — Guidance 
for Plant Engineers, Wolfson Electrostatics 
Ltd., Southampton, 2002. 

[7] Gajewski J.B., Electrostatic Induction in 
Two-Phase Gas–Solid Flow Measurements 
— 50 Years of a Measurement Method, 
Wrocław University of Technology Press, 
Wrocław, 2010. 

[8] Cross J.A., Electrostatics: Principles, Prob-
lems and Applications, Bristol, 1987. 

[9] Glor M., Electrostatic Hazards in Powder 
Handling, Research Studies Press Ltd., 
Letchworth, 1988. 

[10] Taylor DM., Secker P.E., Industrial Elec-
trostatics: Fundamentals and Measure-
ments, Research Studies Press Ltd., Taun-
ton, 1994. 

[11] R. Zalosh R., S. Grossel S., Kahn R., Sliva 
D., Dust Explosion Scenarios and Assess-
ments in the New CCPS Guidelines for 
Safe Handling of Powders and Bulk Solids, 
Proc. 39th Ann. Loss Prev. Symp., Atlanta, 
Georgia, USA, Apr. 10–14, 2005, 319. 

[12] Perry J.A., Ozog H., Murphy M., Sticles 
R.P., Conducting process hazard analyses 
for dust-handling operations, AIChE CEP 
Magazine, Feb. 2009, 28. 

[13] Britton L.G., Avoiding Static Ignition 
Hazards in Chemical Operations, AIChE, 
Center for Chemical Process Safety, New 
York, 1999. 

[14] Crowl D.A., Understanding Explosions, 
AIChE, Center for Chemical Process 
Safety, New York, 2003. 

[15] Pratt T.H., Electrostatic Ignitions of Fires 
and Explosions, AIChE, Center for Chemi-
cal Process Safety, New York, 2000. 

[16] Jones T.B., Electrostatics and Dust Explo-
sions in Powder Handling, in: Fluidization, 
Solids Handling, and Processing: Industrial 
Applications, Ed.: Wen-Ching Yang, Noyes 
Publications Westwood, 1998. 



ICESP XIII, September 2013, Bangalore, India 

[17] Guidelines for Safe Handling of Powders 
and Bulk Solids, AIChE, Center for 
Chemical Process Safety, 2005. 

[18] Inculet I.I, Castle G.S.P., Weckman E.J., 
Shelstad K.A., Wick M.L., Ignition studies 
of selected explosive mixtures of gases and 
dusts emitted from cement kilns, IEEE 
Trans. on Ind. Appl., 29 (1993) 82. 

[19] Eckhoff R.K., Dust Explosions in the 
Process Industries, 3 Ed., Elsevier Science 
(USA), Amsterdam – Boston – Heidelberg 
– London – New York – Oxford – Paris – 
San Diego – San Francisco – Singapore – 
Sydney – Tokyo, 2003. 

[20] Gajewski J.B., Continuous non-contact 
measurement of electric charges of solid 
particles in pipes of pneumatic transport. 
Part I: Physical and mathematical models of 
a method, Conf. Rec. the 1989 IEEE/IAS 
Annual Meeting, San Diego, USA, Oct. 1–
5, 1989, 1958. 

[21] Gajewski J.B., Głód B., Grobelny R.A., 
Kała W., Continuous non-contact meas-
urement of electric charges of solid parti-
cles in pipes of pneumatic transport. Part 
II: Measuring system and its application, 
Conf. Rec. the 1989 IEEE/IAS Annual 
Meeting, San Diego, USA, Oct. 1–5, 1989, 
1964. 

[22] Gajewski J.B., Głód B., Kała W., Electro-
static method for measuring the two-phase 
pipe flow parameters, IEEE Trans. on Ind. 
Appl., 29 (1993) 650. 

[23] Gajewski J.B., Monitoring electrostatic flow 
noise for mass flow and mean velocity 
measurement in pneumatic transport, J. 
Electrostat., 37 (1996) 261. 

[24] Gajewski J.B., Non-contact electrostatic 
flow probes for measuring the flow rate and 
charge in the two-phase gas-solids flows, 
Chem. Eng. Sci., 61 (7) (2006) 2262. 

[25] Gajewski J.B., Assessment of electrostatic 
hazards due to the flow of charged solid 
particles in pneumatic transport, Proc. 4th 
Int. Conf. Electrostatics ELSTAT ’90, Wro-
cław–Szklarska Poręba, Poland, Sept. 17–
22, 1990, in: Materials Sci., XVI (1990) 299. 

[26] Gajewski J.B., Electrostatic charging and 
a two-phase flow of solid particles — 
hazards and their assessment, Conf. Rec. 
the 1989 IEEE/IAS Annual Meeting, San 
Diego, USA, Oct. 1–5, 1989, 1970. 

[27] Seki H., Matuura M., Study on behavior of 
sludge-derived combustible gases and its 
safety control on utilizing bio-solids, 
WEFTEC®.06, 2006, 5314. 

[28] Kondratowicz G., Bezpieczeństwo 
przeciwpoŜarowe elektrofiltrów ener-
getycznych (Fire safety in electric and 
thermal power electrostatic precipitators), 
Proc. 6th Sci. and Technol. Conf. ELEC-
TROSTATIC PRECIPITATORS 2002, 
Cracow, Poland, Sept. 19–21, 2002, 155. 

[29] Electrostatic precipitator, FIKE Corp., Blue 
Springs, MI, USA, Oct. 2001. 

[30] Kiss I., Iváncsy T., Németh B., Berta I., 
Advanced risk analysis for the application 
of ESP-s to clean flammable gas-pollutant 
mixtures, Proc. 11th Int. Conf. on Electro-
stat. Precipit., Hangzhou, China, Oct. 21–
24, 2008, 50. 

[31] Gajewski J.B., Kała W., How to measure 
the velocity and mass flow rate of a two-
phase flow of solid particles in pipelines, 
Proc. 4th Int. Conf. on Electrostatics EL-
STAT ’90, Wrocław–Szklarska Poręba, Po-
land, Sept. 17–22, 1990, in: Mater. Sci., 
XVI (1990) 113. 

[32] Gajewski, J.B., Accuracy of cross correla-
tion velocity measurements in two-phase 
gas–solid flows, Flow Meas. Instrum., 30 
(2013) 133. 


