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The Characterization of Pulverized-Coal Pneumatic
Transport Using an Array of Intrusive

Electrostatic Sensors
Boštjan Jurjevčič, Andrej Senegačnik, Boštjan Drobnič, and Igor Kuštrin

Abstract— Fan/impact mills are commonly applied in the
grinding and dilute–pneumatic transportation of lignite or brown
coals with high moisture contents to the furnaces in large
steam boilers. Each of the two to eight mills feeds pulverized
coal into two or more burner nozzles. An online detection of
the pulverized-coal mass flow distribution among the burners
is vital for the control of the combustion process. Knowing
the distribution, measures for the redistribution of the coal
or, alternatively, for the adjustment of the combustion air
flow according to the actual distribution can be employed.
Determining the characteristics of a gas–solid two-phase flow
using an electrostatic principle is a promising online method of
measurement because it is robust and inexpensive. Furthermore,
due to their better spatial sensitivity, rod sensors are more
suitable for large rectangular ducts related to fan/impact mills
than ring-, pin-, or arc-shaped sensors. Sets of 1-D and 2-D
electrostatic sensor arrays with a corresponding data acquisition
system were employed to determine the mass flow distribution
in the cross section of the duct that feeds the pulverized lignite
to the four burner nozzles. Various operating regimes for the
fan/impact mill were tested. The time series of the signals from
the electrostatic sensors were analyzed statistically. It was shown
that the skewness, kurtosis, and autocorrelation time delay at the
characteristic value can indicate different grinding qualities of
the coal.

Index Terms— Fan mill, gas–solid two-phase flow, grinding
quality, intrusive electrostatic sensor, mass flow measurement,
pneumatic transport, pulverized coal, rectangular duct, statistical
analysis.

I. INTRODUCTION

THE share of renewables in the world’s energy production
is increasing constantly. As a result, more dynamic and

flexible power generation in fossil-fuel-fired power plants
requires precise coal combustion control over a wider range.
A measuring method based on the electrostatic principle can be
exploited for the characterization of the pneumatic transport of
pulverized coal from mills to burners. Other measuring tech-
niques are available for measurements in pneumatic transport,

Manuscript received March 2, 2015; revised June 19, 2015; accepted
June 20, 2015. Date of publication August 19, 2015; date of current version
November 6, 2015. This work was supported by Šoštanj Thermal Power Plant,
Ltd. The Associate Editor coordinating the review process was Dr. Yong Yan.
(Corresponding author: Igor Kuštrin.)

The authors are with the Laboratory for Heat and Power, Department
of Energy Engineering, Faculty of Mechanical Engineering, University of
Ljubljana, Ljubljana 1000, Slovenia (e-mail: bostjan.jurjevcic@fs.uni-lj.si;
igor.kustrin@fs.uni-lj.si; andrej.senegacnik@fs.uni-lj.si; bostjan.drobnic@
fs.uni-lj.si).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIM.2015.2465731

based on capacitance, thermal modulation, and the attenuation
of ultrasonic waves, and radiation and optics. They all have
their own advantages and disadvantages [1], [2], [3]. Most
of them involve complicated and expensive installations and
are unsuitable for operations in harsh environments. Besides
the inherent low cost and robustness, the lack of the need
for an external power source makes electrostatic sensors very
attractive for multipoint online measurements.

Research in the field of electrostatic measurements used
in pneumatic transport began a few decades ago [4], [5]; this
has resulted in different shapes of sensors being developed.
Electrostatic sensors can be divided into two main categories,
i.e., intrusive and nonintrusive. In the past decade,
nonintrusive ring-shaped [6], [7], arc-shaped [8], [9], [10], and
pin-shaped [11], [12] sensors have received the most attention.

A strong argument for the use of nonintrusive electrostatic
sensors is that they do not obstruct the flow. However, they
do have some disadvantages. The installation and replacement
of the circular sensor in a power plant can be difficult and
expensive. A part of the duct needs to be replaced, which
offsets the cost effectiveness that is generally associated with
the electrostatic method. In addition, sensing is most effective
in the immediate vicinity of the sensor, and there is a lack
of information about the flow phenomena that are far from
the sensor, i.e., in the center of the duct or pipe [2], [13].
Even more problematic is the use of nonintrusive sensors in
rectangular ducts, where the sharp corners additionally affect
the spatial sensitivity [13], [14].

An alternative option is the use of rod-shaped intrusive
electrostatic sensors that are much easier and less expensive
to install. Only small openings in the duct wall are needed to
insert the sensors into the duct. The sensors do present some
restrictions to the flow, but the area covered by the rod sensors
is negligible in comparison with the cross-sectional area of
the duct [13]. This shortcoming is outweighed by their good
spatial sensitivity [15], [16].

Many studies on electrostatic sensors were made under
controlled conditions using laboratory test rigs, but many
fewer involved real power plant systems. Measurements of
the velocities of pulverized coal, the mass flow, the mass
concentration, and the particle distribution at real facilities
were mostly carried out in thermal power plants that burn
hard coals [17], [18], where the grinding is carried out in
central mills that feed pulverized coal to the burners via pipes
with relatively small diameters (<300 mm). Less research was
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conducted on lignite-fired boilers having 2 to 8 fan/impact
mills, each feeding pulverized coal to several burner nozzles.
The cross-sectional area of the duct that is common to
all burner nozzles is usually large and often rectangular in
shape. In this case, it is more convenient to use intrusive
rod-type electrostatic sensors to determine the distribution of
the pulverized lignite in the duct.

In the past, wire-mesh-type sensors were investigated for the
detection of the mean particle size. They have great spatial
sensitivity and great potential, particularly in large ducts,
but unfortunately, they give only integral information over
the whole cross section of the duct [15]. With the aim to
obtain local information about the flow characteristics in large
ducts, two different concepts of measuring system were tested:
1) a 1-D system using a set of eight fixed nonsegmented
rod-type electrostatic sensors and 2) a 2-D system using a
single segmented electrostatic sensor placed sequentially at
positions matching the positions of fixed nonsegmented rod
sensors. Different operating regimes were applied to the mill
and the responses of the electrostatic sensors were studied.

The output signals of the measuring system are the
fluctuating voltage time series. A statistical analysis of
these time series was used to evaluate the conditions in
the dilute pneumatic transport of pulverized lignite. The
arithmetic mean, the standard deviation, and the higher
statistical moments were used, as well as an autocorrelation.

II. MEASURING PRINCIPLE AND DATA PROCESSING

Solid particles in pneumatic transport become electrostati-
cally charged due to the particles-to-duct friction, the particles-
to-particles friction, and the particles-to-gas friction. The direct
current (dc) that flows between the electrostatic sensor and
the ground is caused by the electric charge being released
to the sensor during direct contact with the particles [19].
In addition, there are alternations of the current (ac) induced
by the bypassing charged particles [14]. In this case, the
dc component is significant enough to enable the comparison
of the arithmetic mean of the acquired signals. In other cases
where the ac component is dominant, the comparison of
the quadratic mean (rms) might be more appropriate. Many
designs of intrusive and nonintrusive electrostatic sensors, each
having their own advantages and disadvantages, can be applied
to acquire the electrostatic charge.

In large ducts, especially those with a noncircular shape,
nonintrusive electrostatic sensors are inappropriate because of
their lack of spatial sensitivity in the central regions of the duct
and the installation difficulties. Therefore, an array of intrusive
rod sensors with a multichannel data acquisition system is
proposed as a way of obtaining more detailed information
about the flow characteristics. A set of electrostatic sensors
protruding through the whole duct (Fig. 1, right) enables a
1-D measurement in the metering plane that is perpendicular
to the flow direction in the duct.

To obtain more detailed information about the flow in
the duct, the 2-D measuring method needs to be employed.
A segmented rod-type electrostatic sensor (Fig. 1, left) wired
to a multichannel data acquisition system (Fig. 2) is pro-
posed. Using several fixed segmented electrostatic sensors or

Fig. 1. Cross section of the duct with four partitions and installation positions
for the segmented or nonsegmented sensors.

Fig. 2. Segmented sensor with a multichannel data acquisition system.

by shifting a single portable segmented sensor to different
locations across the metering plane during the stationary
operating regime, a 2-D distribution of the pneumatic transport
characteristics can be obtained.

The electrostatic sensor is wired through a measuring
resistor to the ground and an electrical current I caused by the
released electrical charge emerges. With a suitable measuring
system, a time series (signal) of fluctuating voltage drops on
the measuring resistor can be acquired. The signals are related
to the mass flow and the velocity of the particles, the electrical
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properties of the particles, the dimensions of the sensors, the
chemical composition of the particles, and so on. According
to [6], this is summarized in

I = fn(ε, K , d, v, ρ, qm , As) (1)

where

ε electrical permittivity of a particle;
K electrical conductivity of a particle;
d diameter of a particle;
v velocity of particles in the vicinity of the sensor;
ρ density of carrying gas;
qm mass flow of particles;
As cross-sectional area of the sensor.

These relations have been exploited for years and used as a
measuring principle for detecting the velocity, the mass flow,
and the concentration of solid particles in many industrial
applications.

According to a nondimensional analysis of the pi theorem,
the influential variables listed in (1) can be grouped into four
nondimensional parameters [6](

I 2

ε · d2 · ρ · v4

)
= fn

[( ε · v

K · d

)
,

(
d2

As

)
,

(
qm

K · d · ρ

)]
. (2)

In this particular case, the electrical properties ε, K of the
coal, and the density ρ of carrying gas are presumed to be
constant throughout the cross section of the duct. Variations
in the properties of the coal are possible if longer time periods
are observed. The cross-sectional area of the sensor As is
assumed to be constant since the wear of the sensors during the
experiments can be neglected. The averaged equivalent diam-
eter of the particles d is assumed to be constant during one
particular operation regime of the mill–feeder combination.
Consequently, the mass flow through the quadrant assigned to
the sensor can be estimated as

qm = gn

(
I 2

v4

)
= gn

(
U2

R2 · v4

)
= gn(W ) (3)

where U is the measured voltage drop over the resistor R.
Most of the equations proposed by Zhang [6], Gajewski [7],
Matsusaka et al. [20], and Gajewski [21] treat the velocity
as one of the most influential parameters. For an absolute
mass flow calculation, knowing the function gn is required.
According to the results of a preliminary experiment
(Section IV), it can be assumed that for this particular case,
the mass flow qm is proportional to the ratio W

qm = C · W = C · I 2

v4 (4)

where C is the constant. With the time-averaged value of the
measured voltage drop Uu over the resistor Ru for a particular
rod sensor and the velocities vu measured at the uth position,
the normalized mass flow wu per quadrant assigned to the
uth position (Fig. 1) is expressed as

wu = qm,u
1
N

∑N
i=1 qm,i

(5)

where N refers to the number of positions u.

In the large duct using a segmented sensor, the normalized
mass flow wu,s per quadrant assigned to the uth position and
the sth segment (Fig. 1) is expressed as

wu,s = qm,u,s
1

N · M

∑N
i=1

∑M
j=1 qm,i, j

(6)

where N refers to the number of positions u and M to the
number of the segments s.

After a normalized mass flow for each measuring quadrant
being calculated, a suitable interpolation method can be used
to provide a 3-D plot and thus visualize the normalized mass
flow per unit of cross section across the measuring plane.
The Kriging method, a weighted moving average method,
was used in this case. It is considered to be the best option
since the estimates are unbiased and have the smallest known
variances [22].

Besides the mass flow, based on the averaged voltage time
series and the velocities of the particles, there is a poten-
tial to determine some other flow characteristics. The basic
and second-order statistical moments, such as the standard
deviation and the variance of the fluctuating pressure time
series, have already been used for the determination of flow
regimes [23]. In addition, higher statistical moments, such
as skewness and kurtosis, were applied for the determination
of transitional phenomena in gas–solid two-phase flow [24].
Skewness, as a third-order statistical moment, represents
the asymmetry of the time series, whereas kurtosis, as a
fourth-order statistical moment, represents the flatness com-
pared with the Gaussian distribution. A positive skewness
means that the right-hand tails of the probability distributions
are longer than the left-hand tails, and vice versa for a negative
skewness. A Gaussian distribution defines the zero kurtosis,
whereas a positive kurtosis means a sharper and a negative
means a flatter distribution. The skewness and the kurtosis do
not have any specific physical meaning in pneumatic transport,
but may be used as a method for the detection of different
operating regimes [25].

The raw voltage time series Uu,s(t) can be statistically
treated to provide local information about the flow regimes
in the duct. The arithmetic mean voltage Uu,s , variance σ 2

u,s ,
the skewness Su,s , and the kurtosis Fu,s calculated for each
measuring position provide the appropriate data for a 2-D
visualization across the measuring plane of the duct.

The autocorrelation function represents a rate of randomness
and gives information about the self-similarity of the fluctu-
ating time series [26]. It can provide valuable information
about the fluctuations and the flow regime [27], [28]. The
autocorrelation function of the voltage time series is a plot
of the autocorrelation factors Rτ,u,s as a function of the time
delay τ , for each position u and for each segment of the
electrostatic sensor s. The autocorrelation factor represents a
covariance between the original and the delayed time series
divided by the variance of the original time series

Rτ,u,s =
1

n−1

∑n−τ ′
t=1 (Ut,u,s − Uu,s)(Ut+τ ′,u,s − Uu,s)

1
n

∑n
t=1 (Ut,u,s − Uu,s)2

(7)

where n refers to the number of readings of the voltage time
series and τ ′ refers to the number of equally time-spaced
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Fig. 3. Thermal power plant’s coal grinding and transport system to the
burner.

readings (τ ′ = 0, . . . , n − 1). The time delay is expressed as

τ = τ ′ · p (8)

where p is the time period between two consecutive readings.
Autocorrelation factors calculated for the different time

delays can be shown as autocorrelation plots (Fig. 9). A visual
inspection of the autocorrelation plots for each measuring
time series can provide qualitative information, but it is more
appropriate to make a quantitative comparison. In order to
evaluate the autocorrelation plots, the time delays needed to
attain a characteristic value of 1/e were observed.

III. SYSTEM DESIGN

The electrostatic measuring method was tested on a
lignite-fired power plant with a power output of 345 MW.
Each of the six fan/impact-type mills feeds pulverized coal to
the four burner nozzles. The grinding and conveying system
is schematically presented in Fig. 3. The duct is physically
divided into four partitions, i.e., I–IV, as seen in Fig. 1. Each
partition leads to one of the four nozzles. The 1-D and 2-D
measuring systems were applied. The 1-D measuring
system consists of eight rod sensors mounted at the positions
u1, . . . , u8 (Fig. 1). The diameter and length of each rod
sensor were 15 and 1200 mm, respectively. The sensors were
manufactured of abrasion-resistant stainless steel. The sensors
occupied 4.4% of the duct’s cross-sectional area. Each sensor
was grounded via a measuring resistor. On each resistor
(Fig. 2), the voltage time series Uu(t) was measured with a
sample rate of 1000 Hz. Higher sample rates up to 5000 Hz
were also tested, but it turned out that the chosen sample rate
of 1000 Hz can capture all the dynamics, due to the dom-
inant low-frequency nature of the fluctuating voltage signal.
The internal impedance of the data acquisition module was

Fig. 4. Velocity of the carrying gas and particles for each uth position at
M484 F129.

10 G�, the measuring range was ±10 V, the absolute accuracy
was 6230 μV, the random noise was 240 μV, the sensitivity
was 96 μV, and the A/D conversion was 16 b.

The 2-D measurements were carried out with a single
electrostatic segmented sensor. The sensor had six 190-mm-
long segments (s1, . . . , s6) with a diameter of 21 mm (Fig. 2).
The segments were electrically isolated from each other.
Each segment was grounded via a measuring resistor. The
segmented electrostatic sensor was placed consecutively into
the positions u1, . . . , u8 (Fig. 1) during the stationary (mill’s
control system was set to manual operation) operation of the
coal feeder and the mill. The voltage time series Uu,s(t) were
measured and recorded for all the segments and positions.
In total, there were 48 measuring points recorded with the
same data acquisition system that was employed for the
1-D measurement so as to avoid any systematic errors. For
the analysis, all the voltage time series for the 1-D and 2-D
measurements were trimmed to 36 000 readings recorded over
an interval of 36 s.

The carrying gas velocities vu,s were measured with a
pitot-like probe [29] at 48 positions that matched the positions
of the sensor segments.

For the preliminary experiment, a 1-D measuring system
accompanied by a carrying-gas velocity measurement and
a laser-based particle velocity measurement were applied
(Section IV). For the main experiment 1-D and 2-D measuring
systems accompanied by carrying gas velocity measurement
were applied (Section V).

IV. PRELIMINARY EXPERIMENT

The first goal of the preliminary experiment was to establish
the difference between the carrying gas velocity and the parti-
cle velocity. The second goal was to estimate the function gn

by fitting the results acquired by the electrostatic technique (4)
to the results acquired by two other techniques, i.e., isokinetic
sampling and laser-based measuring. It must be noted that
during the preliminary experiment, the operating regime, the
classifier setting, and wear of the vital components of the mill
were different than during the main experiment.

During a constant operating regime, with a milling speed of
484 r/min and a feeder speed of 128 r/min, a calibrated pitot-
like tube [29] was used to measure the carrying gas velocity.
A laser-based system [30] was used to measure the particle
velocity. The average velocity (Fig. 4) for each uth position
was measured by traversing the duct.
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Fig. 5. Normalized mass flows for each uth position at M484 F129.

The relative difference between the two velocities for each
uth position was calculated according to

�u,v = |vu,P − vu,L |
vu,L

· 100 (9)

where vu,P and vu,L are the velocities of the carrying gas and
of the particles.

The average relative difference between the two velocities
equals 2.7%. According to this relatively small difference,
either the velocity of the carrying gas or the velocity of the
particles may be employed in (3).

During the same operating regime, the pulverized-coal mass
flow for each uth position was measured using the isokinetic
sampling [31] and laser-based measuring systems [30].
The two sets of measurements were conducted sequentially.
For the duration of the two sets of measurements, the
signals of the permanently installed electrostatic sensors were
continuously recorded. The comparison of normalized mass
flows (Fig. 5) confirms the assumption that for this type of
coal, grinding quality, and velocity span, it may be assumed
that the mass flow of the pulverized coal is proportional to
the ratio W (4).

The relative difference between the normalized mass flows
for each uth position was calculated according to

�u,m =
∣∣wu − 1

2 (wu,I K + wu,L)
∣∣

1
2 (wu,I K + wu,L)

· 100 (10)

where wu , wu,I K , and wu,L are the normalized mass flows
measured by the electrostatic, isokinetic, and laser-based tech-
niques, respectively.

The average relative difference between the normalized
mass flows equals 8.0%. It should be emphasized that the
experiments were performed in a full-scale thermal power
plant where not all the influential parameters can be mea-
sured and controlled. To support the conclusion that the
match between the three different measuring techniques is
satisfactory, it should be noted that during the conventional
performance tests of fan/impact-type mills, the mass balance
of the mill is considered to be accurate if the relative difference
between the measured pulverized-coal mass flow (using
isokinetic or laser-based methods) and raw-coal mass flow
(using feeder velocity, coal-layer cross-sectional area, and
density of the coal layer) does not exceed 10%.

The span of lignite particle sizes resulting from the
fan/impact milling action at M484 F129 is shown in Fig. 6.
The averaged equivalent diameter is approximately 120 μm.

Fig. 6. Rosin–Rammler particle size distribution at M484 D129.

TABLE I

OPERATING POINTS OF A FAN MILL AND A COAL FEEDER

According to our experience, the average equivalent diameter
varies by ±20 μm, depending on the operating regime.

V. MAIN EXPERIMENT

Table I summarizes the four operating regimes of the
transport and grinding system that were observed during the
main experiment. They include the upper and lower boundaries
of the feeder and the milling speed used during daily opera-
tions. These settings were chosen to emphasize the variations
in the grinding quality and the distribution of the pulverized
coal in the duct in relation to different operating regimes.

For a given design and condition (wear) of a fan/impact type
of mill, the following four parameters influence the grinding
quality: coal composition, classifier setting, milling speed,
and feeder speed. The classifier setting was kept constant.
According to the raw-coal analysis done regularly by plant
operators, the coal composition remained constant throughout
the day of the experiment.

The milling speed was varied between 457 and 486 r/min
(6% variation) and the feeder speed was varied between
70 and 140 r/min (100% variation). Even the lowest milling
speed of 457 r/min is high enough to effectively crush pieces
of raw coal entering the mill. Since the classifier setting
was kept constant, the higher milling speed increased the
velocity of the carrying gas, while the crushing effect was not
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significantly improved. These particular mills do not have the
precrushing beater sections that would improve the grinding
quality at higher milling speeds. At a constant feeder speed
and a constant classifier setting, a higher milling speed has a
negative impact on the grinding quality [32]. The coarser coal
particles in the classifier due to their higher mass cannot be
transported upward (Fig. 3, direction a); they fall down into
the mill to be regrinded (Fig. 3, direction b). In contrast, a
higher feeder speed improves the grinding quality due to the
decreased volume flow and the velocity of the carrying gas.

Varying the milling speed is mainly used to maintain the
velocity of the carrying gas to ensure that it is high enough for
continuous pneumatic transport. An undesirable mill overload
condition is induced if the milling speed is too low for a given
combination of classifier setting and feeder speed.

According to the above, the four different grinding qualities
can be ranked in relation to the operating regime:

1) 1: M486 F70 (the worst grinding quality);
2) 2a: M457 F70 (medium grinding quality a);
3) 2b: M486 F140 (medium grinding quality b);
4) 4: M457 F140 (the best grinding quality).

Grinding qualities 2a and 2b cannot be ranked solely using
the logic presented above. A further analysis of the results,
presented later in the text, shows that the signals of the
electrostatic sensors can be employed for this purpose.

VI. ANALYSIS AND RESULTS

A. Comparison of the Regions in the Duct Cross Section

1) Voltage: Fig. 7 shows the distribution of the arithmetic
mean values of the voltage time series obtained using the
Kriging interpolation method for the operating regimes sum-
marized in Table I. The maximum values always occur at the
minimum depth of the duct, which is caused by both the high
velocity and the high pulverized-coal mass flow. At the lower
feeder speed, i.e., the lower coal mass flow, the distributions
of the arithmetic mean values [Fig. 7(a) and (c)] have lower
gradients in the duct depth direction and display lower oscilla-
tions in the duct width direction than at the higher feeder speed
[Fig. 7(b) and (d)]. At the higher feeder speed, there are more
coal particles flowing through the duct and, consequently, the
centrifugal forces are more influential and the distributions are
more uneven.

2) Mass Flow and Velocity: Fig. 8 shows the 1-D and 2-D
distributions of the normalized mass flow per unit of the cross
section and the 2-D distribution of the velocity for the M486
F140 operating regime. An uneven left-to-right distribution
of the normalized mass flow is evident from Fig. 8(a).
The distribution of the normalized mass flow indicates that
the mass flow to the burner nozzles receiving the coal from the
left-hand side of the duct is considerably larger than the
mass flow to the burner nozzles receiving the coal from
the right-hand side of the duct. Furthermore, the normalized
mass flow near the left- and the right-hand walls is larger than
in the central area. The normalized mass flow is the largest
in partition IV, approximately 30% above the arithmetic
mean for the duct. The smallest normalized mass flow is in
partition III, approximately 25% below the arithmetic mean.

Fig. 7. Distribution of the arithmetic mean values of the voltage time series
for four operating regimes.

The 1-D-array of electrostatic sensors is therefore suitable for
the online monitoring of the distribution of the coal among the
burners. If this information is provided, boiler operators can
take appropriate actions for the redistribution of the pulverized
coal or, alternatively, for the adjustment of the combustion air
flow according to the actual distribution of the pulverized coal.

A 2-D array of electrostatic sensors is able to provide even
more detailed information about the flow conditions in the
duct. Fig. 8(b) shows that the maximum normalized mass flow
occurs at the minimum depth, i.e., near the duct wall, with
taps for inserting the sensor. The maximum normalized mass
flow at this wall is caused by the radial forces acting on the
gas–solid flow exiting the classifier (Fig. 3). Fig. 8(c) shows
the distribution of the velocity across the duct cross section.
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Fig. 8. Distributions in the duct for M486 F140. (a) 1-D normalized mass
flow w. (b) 2-D normalized mass flow w. (c) 2-D velocity.

An increased normalized mass flow, but not to such a
large extent, also occurs near the other walls of the duct.
In the central region of the duct, the normalized mass flow
is decreased. Typically, the dilute gas–solid flow has the
highest particle concentration, exactly at the wall surface.
Despite this highest concentration being at the wall surface,
the velocity and, consequently the mass flow are reduced by
the boundary layer [27]. The highest normalized mass flow is
therefore located in the vicinity of the wall, where the particle
concentration is still high and the velocity is less reduced
by the boundary layer. An extremely uneven mass flow is
caused by the centrifugal forces acting on the coal particles
and by the complex geometry of the duct sections preceding
and following the measuring plane (Fig. 3).

3) Autocorrelation Time Delay: A shorter autocorrela-
tion time delay at 1/e expresses a more rapid loss of
signal information, which impedes the predictions of the
signal behavior. Therefore, a longer time delay means a
lower randomness, and vice versa. An example of autocor-
relation function plots as a measure of the voltage time-series

Fig. 9. Autocorrelation plot for M486 F140: segments s1, . . . , s6 and
position u6.

Fig. 10. Distribution of the time delay for values of the autocorrelation
function equal to 1/e for M486 F140.

randomness is presented in Fig. 9. The plots are clearly
descending and show an evident stochastic process. It would
not be convenient to show many autocorrelation plots on the
2-D diagrams, so quantitative estimators were used instead.
For the evaluation of the autocorrelation plots, a characteristic
value 1/e (approx. 0.368) is implemented. Time delays needed
for the autocorrelation functions to attain 1/e are observed.

Fig. 10 shows the time-delay distribution for the val-
ues of the autocorrelation function equal to 1/e using the
Kriging interpolation method for the M486 F140 operating
regime. The distribution of the autocorrelation time delay
closely matches the distribution of the normalized mass flow
per unit of cross section, which is proportional to particle
concentration [Fig. 8(b)].

The detection of a longer autocorrelation time delay in the
duct can infer a higher concentration of the coal particles,
which might be essential to distinguish the particle velocity
effect from the particle concentration effect on the particular
signal level. Similar to the M486 F140 operating regime, all
the other operating regimes also display a longer autocorrela-
tion time delay near the duct walls, where the concentration
of coal particles is the highest. A shorter autocorrelation time
delay generally appears in the central region of the duct.

B. Comparison of Different Operating Regimes

Table II summarizes the average values of the observed
measured and calculated quantities across the duct for the four
operating regimes.
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TABLE II

AVERAGE VELOCITIES, STATISTICAL VALUES, AND AUTOCORRELATION

TIME DELAYS FOR DIFFERENT OPERATING POINTS

1) Voltage: The effect of the particle velocity on the signal
level can be illustrated by comparing the total arithmetic
mean values of the voltages recorded at the highest feeder
speed and two different milling speeds (Table II). The lower
voltages were measured at the lower milling speed [Fig. 7(b)]
and the higher voltages were measured at the higher milling
speed [Fig. 7(d)]. In the first case, the mill is close to
being overloaded with coal. Consequently, the carrying gas
volume flow and velocity are low, resulting in a lower
signal level. In the second case when the milling speed is
higher, the carrying gas volume flow and the velocity of the
carrying gas are higher, resulting in a higher signal level.
As Zhang [6] and Gajewski [21] have pointed out, besides
the particle concentration, the velocity is a very important
parameter for electrostatic charge.

The effect of the particle concentration on the signal
level can be illustrated by comparing the total arithmetic
mean values of the voltages recorded at the highest milling
speed and the two different feeder speeds. The lower volt-
ages were recorded at the lower feeder speed [Fig. 7(c)]
and the higher voltages were recorded at the higher feeder
speed [Fig. 7(d)]. In both cases, the milling speed was high
enough for an almost unaffected ventilation effect. The differ-
ence in the voltage level was therefore caused by different
concentrations of particles inside the duct, despite the
slightly reduced carrying gas velocity at the higher feeder
speed.

A comparison of the voltages recorded at the lower feeder
speed and the two different milling speeds [Fig. 7(a) and (c)]
leads to a very important observation. During these operating
regimes, the feeder speed was so low that the velocity of
the carrying gas was proportional to the milling speed. The
carrying gas velocity is higher at the higher milling speed.
Despite the lower velocity, the voltages recorded at the lower
milling speed were higher than the voltages recorded at the

higher milling speed. This can be attributed to the grinding
quality, since finer particles collectively carry a higher charge
due to the larger total surface area for an unchanged mass
flow [6]. Due to the lower carrying gas velocity at the lower
milling speed, the averaged equivalent diameter of the particles
passing through a classifier decreases, whereas the number of
particles increases [32].

This means that the variations of the grinding quality can
be detected by means of electrostatic sensors. Further studies
in a controlled laboratory environment will be carried out to
both verify and quantify this effect.

The preceding analysis is solely based on the arithmetic
mean values of the voltage time series and the carrying
gas velocities. Besides this, the voltage time series contain
additional information that can reveal other characteristics
about the flow, which is analyzed in the next sections.

2) Variance: The highest variance is observed for
M486 F140, while the lowest is observed for M457 F71.
Whereas the voltage is related to the velocity and number
of particles passing by and hitting the sensor, the variance
is related to the level of turbulence. In contrast to the total
average mean values of the voltage, the average variance
across the duct is insensitive to the granulation of the coal
particles (Table II). This is evident from the comparison of
the variances for a fixed lower feeder speed and a different
rotational speed of the mill. The M487 F70 voltage is lower
than the M457 F71 voltage, which is not the case for the
variance, which displays the opposite trend.

3) Skewness: The skewness of the voltage time series is
positive for all the operating regimes in all the regions of
the duct cross section due to the fully developed turbulent
gas–solid flow being far from the transition regime. This is
consistent with the findings reported in [25].

The average skewness is the highest for the M457 F140 and
the lowest for the M487 F70 operating regimes. These two
settings represent the best and the worst grinding qualities
(Section V). The skewness seems to be proportional to the
grinding quality. Since the grinding qualities of the remaining
two operating regimes M457 F71 and M486 F140 cannot
solely be ranked on the logic presented in Section V, the skew-
ness may applied for this purpose (the lowest line in Table II).

The differences in the skewness between the operating
regimes are significant and will be investigated further.

4) Kurtosis: Kurtosis is the fourth standardized statistical
moment and represents a measure of the peakedness of the
probability distribution. In general, the kurtosis displays the
same behavior as the skewness.

5) Autocorrelation Time Delay: The same relation between
the autocorrelation time delay and the concentration of coal
particles that can be observed in different regions of the duct
cross section (Fig. 9) during a single operating regime may
also be observed at different operating regimes.

The longest autocorrelation time delay is detected for the
M457 F140 operating regime when the concentration of coal
particles is the highest. In contrast, the shortest autocorrelation
time delay is detected for the M487 F70 operating regime
when the concentration of coal particles is the lowest. The
autocorrelation time delay increases when coal particle con-
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centration increases. An increased coal particle concentration
is inversely related to the gas velocity for this type of mill.

Longer time delays are detected at a higher feeder speed
when the coal mass flow is higher, and consequently, the
grinding quality is better due to a reduced carrying-gas
velocity. The largest difference in the time delays is detected
between the regimes M457 F140 and M487 F70, i.e., the
M457 F140 regime (best grinding quality) has the longest time
delay and the M487 F70 regime (worst grinding quality) has
the shortest time delay. Besides the skewness and kurtosis,
autocorrelation time delays may also be used for the estimation
of the grinding quality. A further investigation is required
to determine whether the autocorrelation time delay is more
related to the concentration of coal particles or to the grinding
quality.

VII. CONCLUSION

Novel systems for the online 1-D and 2-D distribution
monitoring of pulverized-coal in large ducts were developed
and tested on a real power plant. The most important results
of the data analysis are as follows.

1) Intrusive electrostatic rod sensors are suitable for large
ducts due to the good spatial sensitivity, especially for
ducts of the fan/impact mill system in coal-fired power
plants.

2) A 1-D set of electrostatic rod sensors can provide
essential information about the distribution of pulverized
coal between the burner nozzles.

3) A combination of electrostatic segmented sensors and
velocity measurements can provide information about
the 2-D distribution of the pulverized coal in the duct
and more detailed local information about the gas–solid
two-phase flow.

4) Raw-signal time series from electrostatic sensors con-
tain information about the grinding quality revealed
from standardized statistical moments like skewness and
kurtosis.

5) As a measure of the randomness, autocorrelation plots
also contain information about the grinding quality.

The reliability and sensitivity of the described method for
the online monitoring of the particle size distribution are
proportional to the share of the controlled variables. Variations
in the particle size distribution can be detected reliably if the
chemical composition of the transported particles and the flow
regime are stable. The conclusions related to grinding quality
are supported by and coincide with common knowledge related
to the principle of operation of fan/impact-type of mills.
Further testing of the methods presented in this paper will
be carried out under controlled conditions on a laboratory
test rig.
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Prof. Senegačnik has been a member of the International VGB Working
Group Acceptance and Control Tests since 2008.
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