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H I G H L I G H T S

Electrical capacitance tomography-based
slug flow parameter estimation.
Tomographic imaging of mass concen-
tration distributions.
Differentiation between slug velocity and
particle velocity.
Application within an industrial-scale
pneumatic conveyor with a length of 2
km.
Novel insights into dense phase convey-
ing of Geldart group A powders with
𝐴𝑟≈1e0.
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A B S T R A C T

Pneumatic conveying is a widely applied technique for the transportation of powders. Dense phase conveying
such as slug flow is the preferable operating condition of such transport systems. Advantages are the reduced
energy and conveying gas consumption and reduced material wear. The design and the operation of dense
phase conveyors is a challenging task due to complex flow dynamics and the lack of reliable flow meters, which
are crucial for process control. In this work the capabilities of electrical capacitance tomography (ECT) for slug
flow parameter estimation are analysed. The estimation of flow parameters is addressed and demonstrated by
means of laboratory experiments. Amongst other parameters it is shown that mass concentration distributions
as well as particle velocity fields can be obtained from tomographic image reconstruction results, which are
substantial parameters for potential mass flow metering. Additionally, the proposed estimation techniques are
applied to signals provided by an ECT system, which is installed within a large-scale pneumatic conveyor of
an industrial process plant. It is observed that also Geldart group A powders with Archimedes numbers in the
scale of 𝐴𝑟 ≈ 1e0 are conveyable in slug-like structures which can be separated by stationary or non-stationary
layers. Furthermore, various slug flow properties of powders with 𝐴𝑟 > 1e2 reported in literature are confirmed
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but also deviating properties are observed, leading to novel insights into horizontal dense phase flow processes
of powders with 𝐴𝑟 ≈ 1e0. The results demonstrated in this work are pointing out the capabilities of ECT for
flow analyses, which are enabling further insights into flow mechanisms and future developments of flow
meters for dense phase flow processes.
1. Introduction

Pneumatic conveying is a common technique for the transportation
of powders where pressurized gas is utilized to carry materials through
enclosed pipelines. Pneumatic conveyors can be found in a variety of
industrial fields reaching from steel making and power generation to
agricultural as well as pharmaceutical industries [1,2].

The resulting flow regime within a pneumatic conveyor depends on
various parameters such as operating conditions, material properties
as well as on geometrical properties of the pipeline. A comprehensive
classification about flow regimes in horizontally aligned pneumatic
conveyors can be found in [3]. A broad generalization of flow regimes
can be made by differentiating between dilute flows and dense phase
conveying. Dilute flow pneumatic conveying is characterized by low
mass concentrations of the conveyed powder and high particle veloc-
ities. Dense phase conveying in contrast exhibit distinct phases with
high particle concentrations, which are moving at lower velocities.
Dense phase flows are desirable for many applications due to the
reduced energy and carrier gas demand and reduced material wear
compared to dilute flows [4]. The advantages of dense phase flows
however come at the cost of much higher complexity with respect to the
interdependencies between flow parameters and operating conditions
of the conveying process. Due to the limited understanding about the
complex flow dynamics the prediction of the behaviour of dense phase
flows is still a major challenge making such systems difficult to design
and operate reliably. The difficulty of operating dense phase conveyors
stems also from the lack of reliable flow meters, which are crucial for
process control.

Slug flow is a subtype of dense phase flows where the particles
are moving in a wave-like motion. In horizontally aligned conveying
systems these slugs are separated by stationary layers, which refers to
material deposits at the bottom of the pipe. Hence, horizontal slug flow
pneumatic conveying is a highly dynamical flow regime with rapidly
changing spatial and temporal flow parameters. In recent years, many
researchers have made great efforts to study the complex dynamics and
interdependencies of flow parameters of the slug flow regime based
on theoretical consideration [5–7], extensive flow experiments [8–11]
as well as on simulation studies [7,12–14]. However, the analysis of
dependencies between operating conditions and slug flow properties
are still an important research field. Especially for large-scale conveying
processes of multiple slugs, further progress is needed to understand the
governing conveying mechanisms [15].

Tomographic measurement principles are promising techniques to
obtain further insights in conveying processes and to advance the
research in the field of dense-phase pneumatic conveying. Tomographic
imaging allows visualizations of the material flow within the pipe,
from which flow parameters can be derived. Amongst various process
tomography techniques is electrical capacitance tomography (ECT),
which has been successfully applied for flow monitoring and flow
parameter estimation [16–19]. ECT utilizes capacitive measurements
from an electrode array to obtain information about the material dis-
tribution within the sensor [20–22]. Fig. 1(a) illustrates a dual-plane
ECT sensor used to monitor a horizontal slug flow conveying pro-
cess. An ECT sensor provides cross-sectional estimates of the material
distribution within the conveying pipe as it is depicted in Fig. 1(b).
Dielectric characterizations of the transport good allow the estimation
2

of mass concentration distributions from these tomographic imaging
results [23,24]. Measurements of a dual-plane ECT system [17,18,25]
or an electrical capacitance volume tomography (ECVT) sensor [26–28]
can be utilized to obtain flow velocities and give also access to slug
dimensions in axial direction as it is depicted in Fig. 1(c). Thus, ECT
has the potential to provide spatial and temporal information about the
material movement within the conveying process making it a practical
tool for flow analyses.

In this work the capabilities of dual-plane ECT for the estimation of
slug flow parameters within horizontally aligned slug flow processes
are analysed. The estimation of slug flow parameters based on to-
mographic signal evaluations is presented. The proposed estimation
techniques are demonstrated by means of slug flow experiments on
a laboratory test rig, where reference data based on particle image
velocimetry (PIV) [29] and visual observations is available. Hereby, a
strong focus lies on parameters, which are required for the evaluation of
mass flow rates, i.e. the mass concentration distribution of the transport
good and the particle velocity field within the slugs. Also the estimation
of other parameters is addressed, which are required for the study of
slug flow processes.

Most work about ECT-based flow parameter estimation [19,30,31]
as well as research on slug flow processes [8,9,32] is often limited to
Geldart group B and D powders. This is mostly due to the handling
of fine powers within the lab, i.e. dust generation and pollution of
equipment. Although literature about dense flow pneumatic conveying
of Geldart group A powders is available [33–36] the research is either
limited to experiments in vertical pipelines or focuses on analysis of
prevailing flow regimes. To obtain further insights into horizontal dense
flow processes of Geldart group A powders the proposed estimation
techniques are also applied to measurement data provided by an ECT
system, which is installed within an large scale conveying process of an
industrial process plant. The main contributions of this work are the
demonstration of the potential of ECT for flow parameter estimation
in highly dynamical slug flow processes and the analysis of the capa-
bility of ECT for potential mass flow measurements. The observations
obtained from the large scale conveyor of the industrial process plant
are reported and compared to slug flow properties reported in literature
where consistencies and deviations are discussed in detail. Hereby,
novel insights into large scale dense phase flow processes of Geldart
group A powders with Archimedes numbers in the scale of 𝐴𝑟 ≈ 1e0
are reported. The results are pointing out the capability of ECT as a
tool to analyse dense phase flows enabling further insight into complex
flow mechanisms.

This paper is structured as follows. In Section 2 the experimental
setup is discussed. Section 3 addresses the estimation of various slug
flow parameters. In Section 4 ECT-based observations within the large
scale conveyor of the industrial process plant are discussed.

2. Experimental setup

In this section the experimental setup is presented. The ECT mea-
surement system, the laboratory flow test rig as well as the industrial
field system are discussed.

2.1. ECT sensor

Both, the lab as well as the field system use a dual-plane ECT sensor
with eight electrodes each. The structure of the sensor assembly is

schematically depicted in Fig. 1(a). The electrodes are equidistantly
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Fig. 1. (a) Illustration of a dual-plane ECT system within a horizontal slug flow conveying process. (b) Time evolution of the cross-sectional material distribution. (c) Three
dimensional reconstruction of a slug.
Fig. 2. Scheme of the laboratory flow test rig and a photo of the ECT measurement system.
arranged at the outer circumference of a non-conductive pipe section.
In addition, both electrode planes are surrounded by a grounded shield
and grounded guard rings are placed next to the electrode arrays to
reduce external influences. For the lab sensor the electrode arrays are
mounted on a PVC pipe as it is also used in [30].

The field sensor is assembled on a fibre composite pipe and uses an
additional silicone elastomer grouting between the electrodes and the
shield. The whole sensor assembly is encased in an steel pipe in order
to withstand the environmental conditions within the industrial process
such as high temperatures and pressures. Further information about the
structure of the field sensor can be found in [37].

2.2. Measurement circuitry

In ECT all inter electrode capacitances are measured. For this pur-
pose a displacement current-based measurement system is used, which
3

applies an AC voltage to one electrode while the currents at the
remaining electrodes are acquired [38–40]. This procedure is repeated
for each electrode to measure all capacitances. In the case of a sensor
with 𝑁elec = 8 electrodes, the number of measurements is given by
𝑀 = 𝑁elec(𝑁elec − 1) = 56. Equivalent measurement circuitries are
used in the lab as well as in the field application. The dual-plane
measurement system acquires data with a sampling frequency of 50Hz
in an interleaved measurement mode to avoid a crosstalk between the
sensor planes. The signal to noise ratio (SNR) of the measurement
system is in the range of 70 dB as it is demonstrated in [30,37].

2.3. Laboratory test rig

Fig. 2 depicts the scheme of the laboratory flow test rig, which
consists of a feeding vessel, a horizontal conveying pipe and a receiving
vessel. A pinch valve is used to regulate the material outflow from
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Fig. 3. Dual-plane ECT system within an large scale pneumatic conveyor of an
industrial process plant.

the feeding vessel to the conveying pipe and pressurized air is used
to convey the materials. A section of the conveying pipe is made of
perspex for visual observations and PIV analyses of the material flow.
For this purpose a camera with a frame rate of 240 frames per second
is used. The inner diameter of the pipe is 𝐷 = 119mm and the length
of the horizontal pipe is 𝑙 = 5m. The dual-plane ECT system is installed
3m after the feeding vessel. Fig. 2 also shows a photo of the laboratory
measurement system. The measurement system consists of the ECT
sensor, the measurement circuitry, the power supply as well as a PC for
data processing. For the flow experiments polypropylene (PP) pellets of
prolate spheroid shape [11] are used with an density of 𝜌 = 905 kgm−3

and an average particle size of 𝑑50 = 3mm. The material belongs
to Geldart group D [41] and has an Archimedes number in the scale
of 𝐴𝑟 ≈ 1e6, which is well suited for slug flow experiments [3]. The
Archimedes number is calculated by

𝐴𝑟 =
𝑔𝜌g

(

𝜌p − 𝜌g
)

𝑑3

𝜇2
, (1)

where 𝜌p and 𝜌g are the density of the particles and the conveying gas,
respectively, 𝑔 is the acceleration due to gravity, 𝑑 is the diameter of
the particles and 𝜇 is the dynamic viscosity of the conveying gas.

2.4. Field system

Fig. 3 depicts the ECT system installed within an industrial process
plant. The pneumatic conveyor is part of a pulverized coal injection
(PCI) system within a steel plant. The transported bulk material is coal
powder with an average particle size of approximately 𝑑50 ≈ 30 μm, the
material belongs to Geldart group A. The conveying gas is nitrogen 𝑁2
and the resulting Archimedes number is in the scale of 𝐴𝑟 ≈ 1e0 [3].
The material is pre-dried to relative humidity levels in the range of
𝜙 = 0.5% to 1.5%. The pneumatic conveyor has a total length
of approximately 2000m with an inner diameter of 𝐷 = 110mm.
The conveying pipe is made of steel and is electrically grounded. An
electrical characterization [23,24] of the transport good yielded an
electrical conductivity in the scale of 𝜎 ≈ 1 × 10−4 Sm−1. Due to the
conductivity of the material and the grounded and conductive pipe,
triboelectric charging of the particles and the pipe wall and associated
influences on the flow process as well as on the measurement process
due to resulting electrostatic effects can be ruled out [42].

The ECT sensor is encased in a steel pipe due to mechanical reasons.
The measurement circuitry, power supply and a PC for data processing
are placed within a cabinet. The cables connecting the sensor and the
measurement circuitry are also placed within a casing to protect them
from mechanical damage within the process plant. The measurement
system is located approximately 200m after the feeding vessel of the
pneumatic conveyor.
4

2.5. Tomographic image reconstruction

The reconstruction of the cross-sectional distribution of the rela-
tive permittivity 𝜀r (𝑥, 𝑦) by means of ECT poses an ill-posed inverse
problem, which requires prior information to obtain stable estimates.
For this purpose a linearized maximum a posteriori estimator (MAP)
is used. The MAP estimator is specifically adapted for imaging flow
patterns in horizontal pneumatic conveying processes. Detailed in-
formation about this estimation algorithm and the design of prior
information can be found in [30,43–45]. In addition, the model-based
temperature compensation approach presented in [37] is applied for
image reconstruction within the industrial process plant due to vary-
ing process temperatures. The reconstructed cross-sectional material
distributions are represented by means of pixel values on a discrete
grid (i.e. finite element discretizations) whereby the pixel values are
proportional to the relative permittivity of the material within the
sensor.

2.6. Dielectric characterization of fluidized powders for mass concentration
estimation

In ECT different materials within the sensor are distinguished by
their dielectric properties i.e. the relative permittivity 𝜀r [20,21]. For
this reason the tomographic imaging results obtained by ECT are given
by cross-sectional permittivity distributions 𝜀r (𝑥, 𝑦) within the sensor.
For the analysis of flow process and for the estimation of flow param-
eters however, the estimation of mass concentration distributions of
the conveyed powder is required. The mass concentration is defined
as the mass 𝑚 of the particles over the total volume 𝑉pow of the powder
𝛽 = 𝑚∕𝑉pow in kgm−3.

The relationship between the relative permittivity 𝜀r and the mass
concentration 𝛽 of a fluidized powder is known to follow a non-linear
relationship. Recently the authors proposed a measurement methodol-
ogy to characterize the dielectric properties of fluidized powders as a
function of its mass concentration. The measurement principle is based
on impedance measurements of a coaxial probe and weighting of the
solid content within the defined volume of the coaxial probe [23]. Fig. 4
depicts the measurement setup to characterize the dielectric material
properties of fluidized powders. The setup consists of a coaxial probe
which allows the fluidization of the probe filling by means of an air
supply [24], a network analyser to acquire the probe impedance and a
balance for the weighting of the probe filling.

A suitable model to describe the relationship between the relative
permittivity and the mass concentration of a fluidized powder is the
Landau–Lifshitz–Looyenga (LLL) equation [23]. The LLL equation states
a linear relationship between the cubic root of the relative permittivity
and the mass concentration 3

√

𝜀r = 𝜆𝛽 + 1 [46,47]. The measurement
methodology presented in [23] is used to identify the model parameter
𝜆 for a specific material. Applying the LLL equation to the pixel values
of a reconstructed permittivity distribution 𝜀r (𝑥, 𝑦) yields the mass
concentration distribution 𝛽(𝑥, 𝑦) of a powder within the sensor [30,
48]. With this the ECT-based estimation of further flow parameters is
enabled.

3. Estimation of slug flow parameters

In this section the estimation of slug flow parameters from tomo-
graphic signal evaluations is discussed. The focus lies on slug flow
parameters, which are crucial for the understanding of the underlying
flow mechanisms [9,49], for pressure drop prediction [32] as well for
a potential mass flow measurement in such dense phase conveying
processes.
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Fig. 4. Measurement setup for the dielectric characterization of fluidized powders [23,24].
Fig. 5. Sketch of a slug showing important slug flow parameters [9,50].
3.1. Definition of slug parameters

Fig. 5 depicts a sketch of a slug showing several slug parameters
which are of importance. The slug concentration 𝛽s in kgm−3 is defined
as the average mass concentration of the slug core, which refers to
the part of the slug where the whole cross-section of the pipe is
filled with material. The layer concentration 𝛽l in kgm−3 refers to the
concentration of the layer between consecutive slugs, which is in the
case of stationary layers equal to the bulk density 𝜌b of the conveyed
powder, i.e. 𝛽l = 𝜌b [9,11]. The dimensionless layer fraction 𝛼 is
defined as the area occupied by the layer relative to the total cross-
sectional area of the conveying pipe and ℎ denotes the height of the
layer in m. The slug length 𝐿s is defined as the length of the slug
core in m. In horizontal slug flow processes with stationary layers the
slug is constantly picking up material from the layer ahead of the slug
and depositing material at the rear of the slug, which forms the new
stationary layer. Hence, there is a relative motion between the slug
and the particles, which are travelling within the slug. For this reason,
a distinction must be made between the slug velocity 𝑣s in ms−1 and
particle velocity 𝑣p in ms−1 since in general 𝑣s > 𝑣p holds [9,32,50].

3.2. Slug concentration and layer concentration

Fig. 6 depicts the estimated mass concentration distribution of a
slug, which was generated on the flow test rig in the laboratory with
PP pellets. The upper plot shows the cross-sectional mass concentration
distribution 𝛽(𝑥, 𝑦) for certain time steps. Hereby 𝐷 denotes the diam-
eter of the pipe. From this representation the stationary layers at the
slug front and rear can be seen at 𝑡 = 0 s and 𝑡 = 2.5 s, respectively.
5

The transition between the layer and the slug is shown at 𝑡 = 0.5 s
and the time steps 𝑡 = 1 s to 𝑡 = 2 s depict the slug core. Since the
reconstructed material distribution was observed to be approximately
constant along the horizontal 𝑥-axis the lower representation shows the
height profile of the mass concentration over time 𝛽(𝑦, 𝑡), which allows
a more compact representation of the slug compared to a sequence
of cross-sectional images. Note that the colour scale shows the mass
concentration normalized by the bulk density 𝜌b of the material. Hence,
a value of one corresponds to 𝜌b. The reconstructed stationary layers
show a mass concentration equal to the bulk density at the bottom of
the pipe [9]. However, the boundary between the layer and the empty
part of the pipe is blurred. This is due to the soft field nature of ECT,
which prevents the reconstruction of sharp boundaries [21]. Yet, the
stationary layer can be clearly identified. The transition zones show
the filling of the pipe with the transport good and a loosening of the
material bed from the layer due to the approaching slug [11]. At the
front of the slug core the material shows a lower mass concentration
in the upper part of the pipe [32,51]. The remaining part of the slug
core shows a constant mass concentration distribution, which is lower
than the material in the stationary layer. This corresponds to the results
reported in [11]. The good fit between the demonstrated ECT-based
mass concentration estimation and observations reported in literature
confirms the applicability of ECT for estimating mass concentration
distributions in slug flow processes [9,11,32,51].

For the analysis of flow mechanisms in horizontal slug flow pro-
cesses parameters such as the slug concentration 𝛽s, the layer con-
centration 𝛽l, or the concentration ratio 𝐸 = 𝛽s∕𝛽l are of particular
interest [9,11,32,49].

From the estimated mass concentration distribution the layer con-
centration 𝛽 can be determined from the material value at the bottom
l
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Fig. 6. Estimated mass concentration distribution of a slug flow experiment on the laboratory test rig with a Geldart group D powder with 𝐴𝑟 ≈ 1e6.
of the pipe, i.e. 𝛽l = 𝛽(𝑦 = 0). The slug concentration 𝛽s can be
determined from the ECT reconstruction by computing the average
value of the mass concentration distribution over the slug core by

𝛽s =
1

𝑇s𝛤 ∫

𝑇2

𝑡=𝑇1
∬𝛤

𝛽 (𝑥, 𝑦, 𝑡) d𝑥 d𝑦 d𝑡, (2)

where 𝛤 = (𝐷∕2)2𝜋 denotes the cross section of the pipe. 𝑇s = 𝑇2−𝑇1 is
the duration of the slug core and 𝑇1 and 𝑇2 are the beginning and the
end of the slug core time segment, respectively.

3.3. Layer fraction and layer height

The layer fraction 𝛼 is defined by the fraction of the cross section
of the conveying pipe, which is occupied by the stationary layer. 𝛼 can
be determined from the cross-sectional average mass concentration 𝛽 of
the ECT reconstruction of a stationary layer, e.g. the time step 𝑡 = 0 s
depicted in Fig. 6. 𝛽 is computed by integrating the mass concentration
distribution 𝛽(𝑥, 𝑦) over the cross-section 𝛤 of the pipe. In [30] it is
shown, that the integral over the mass concentration distribution of
powders can be estimated reliably by means of ECT. The sensor is
sufficiently short such that the material distribution within the length
𝑙 of the sensing region is constant along axial direction. Hence, the
cross-sectional average mass concentration can also be expressed by
𝛽 = 𝑚∕𝑉 , where 𝑚 is the mass of the material within the sensor and
𝑉 = 𝑙𝛤 is the volume of the sensing region. In general the layer
concentration is equal to the bulk density 𝜌b, which can be expressed by
𝜌b = 𝑚∕𝑉mat where 𝑉mat = 𝑙𝛤mat is the volume occupied by the material.
𝛤mat is the cross-sectional area occupied by the material. With this the
following relation is valid

𝛼 =
𝛤mat
𝛤

=
𝑙𝛤mat
𝑙𝛤

=
𝑉mat
𝑉

=
𝑚
𝑉
𝑚

𝑉mat

=
𝛽
𝜌b

. (3)

Hence, the layer fraction 𝛼 can be computed by the fraction of the cross-
sectional average mass concentration 𝛽 and the bulk density 𝜌b of the
powder.

For a circular cross-section of the pipe the relationship between the
layer fraction 𝛼 and the layer height ℎ is given by [32]

𝛼 =
2 arccos

(

1 − 2ℎ
𝐷

)

− sin
(

2 arccos
(

1 − 2ℎ
𝐷

))

2𝜋
. (4)

The inverse of this relationship can be used to determine the layer
height ℎ from a layer fraction estimate.
6

To demonstrate the estimation of the layer height ℎ from ECT-
based signal evaluations material layers with defined heights are placed
within the laboratory sensor. For this purpose a material holder is used
to realize the material fillings within the sensor as it was also used
in [30,48]. The material holder is made of 3D printed end caps and
PET foil and fits exactly in the ECT sensor. The length of the material
holder is 500mm, which is significantly larger than the sensitive area
of the ECT sensor (electrode length of 80mm). Comparative simulation
experiments revealed that the influence of the end caps is negligible
and the capacitive measurements are comparable to those acquired
for stationary layers between consecutive slugs. Fig. 7(a) depicts a
comparison between the estimated layer heights ℎest and the true layer
heights ℎtrue and Fig. 7(b) shows a sketch of the material holder used to
perform the measurement experiments. An assessment of the estimated
layer heights shows a good fit between the estimates and the true values
of the layer height. The relative error is below 5% over the whole
measurement range. For ℎ∕𝐷 > 0.3 the error is in the scale of 1%,
which demonstrates the applicability of the proposed approach for the
estimation of stationary layer heights by means of ECT.

3.4. Slug length

Another parameter, which is of interest for the study of flow mech-
anisms and also for the control of the flow process is the slug length
𝐿s [11,49], since 𝐿s directly influences the pressure drop along the
conveying pipe [52].

The slug length can be determined from the slug velocity 𝑣s and the
duration of the slug core 𝑇s = 𝑇2−𝑇1 by 𝐿s = 𝑇s𝑣s, where 𝑇1 and 𝑇2 are
defined as depicted in Fig. 6. This relation holds if the change of the
slug length over time, i.e. d𝐿s∕d𝑡 during the time interval in which the
slug passes both sensor planes is negligible. This is the case when the
slug front and the slug rear recorded by both sensor planes show the
same time shift.

3.5. Slug velocity and particle velocity

The particle velocity 𝑣p is the decisive velocity for the prediction of
the pressure drop along the slug [32] as well as for the determination
of the mass flow rate of the conveyed particles [53]. Since in horizontal
slug flow processes with stationary layers the particle velocity 𝑣p is
in general lower than the slug velocity 𝑣s a distinction between this
velocities is crucial [11].
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Fig. 7. (a) Comparison between the ECT-based layer height estimates and reference heights. (b) Material holder used to carry out measurement experiments with defined layer
heights [30,48].
The slug velocity 𝑣s can be determined from correlation analyses
of multiple sensors, e.g. pressure signals [9,32] or dual-plane ECT sen-
sors [16–18]. The particle velocity 𝑣p can be determined from camera
recordings of the flow and particle image velocimetry (PIV) analyses.
PIV is the most common technique to obtain information about 𝑣p [8,9].
PIV however has a limited applicability for the online determination
of 𝑣p especially in industrial environments. For this reason the deter-
mination of 𝑣s as well as 𝑣p by means of ECT is addressed in this
subsection.

Fig. 8(a) depicts the cross-sectional average mass concentration 𝛽
normalized by the bulk density 𝜌b of the upstream and the down-
stream sensor for an exemplary slug flow experiment. The estimated
signals show local signal variations within the slug signal trend, which
originate from inhomogeneities in the material distribution within the
slugs. These local signal variations are recorded by both sensor planes
and they exhibit a larger time shift compared to the slug signal trend.
For this reason it is hypothesized that the mass concentration signal
is composed of the signal trend 𝛽0(𝑡) caused by the slug, which is
travelling at the slug velocity 𝑣s and local signal variations 𝛥𝛽(𝑡) due
to inhomogeneities within the slug, which are travelling at particle
velocity 𝑣p. Hence, the upstream sensor records the signal

𝛽upstr.(𝑡) = 𝛽0(𝑡) + 𝛥𝛽(𝑡), (5)

and the downstream signal is given by

𝛽downstr.(𝑡) = 𝛽0(𝑡 + 𝛥𝑡s) + 𝛥𝛽(𝑡 + 𝛥𝑡p). (6)

Hereby, 𝛥𝑡s = 𝑏∕𝑣s and 𝛥𝑡p = 𝑏∕𝑣p are the time shifts caused by the
slug velocity and the particle velocity, respectively. 𝑏 is the distance
between the ECT sensors in m. To obtain 𝛥𝛽(𝑡) from the original signal
𝛽(𝑡) a 𝓁1 trend filter is applied to the signals [54–56]. With the trend
filter, the signal trend can be estimated from the original signal by

𝛽0 = argmin
𝛽0

𝑛
∑

𝑗=1

(

𝛽0,𝑗 − 𝛽𝑗
)2 + 𝜆

𝑛
∑

𝑗=1

|

|

|

∇2𝛽0,𝑗
|

|

|

, (7)

where 𝛽0 denotes the estimate of the slug signal trend, 𝑛 is the signal
length, 𝜆 is a filter parameter and ∇2𝛽0,𝑗 = 𝛽0,𝑗 − 2𝛽0,𝑗−1 + 𝛽0,𝑗−2 is
the second order difference [54]. Given an estimate for the slug signal
trend the local signal variations are obtained by 𝛥𝛽 = 𝛽 − 𝛽0. Due to
the steep signal gradients in the slug front and rear, the non-linear
𝓁1 trend filtering scheme outperforms linear filters like Savitzky–Golay
filters [57], which are often proposed for trend filtering.
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Fig. 8(a) also shows the estimated local signal variations within
the slug signal trend based on the 𝓁1 filtering scheme for the marked
time segments. Fig. 8(b) depicts the cross-correlation function for the
original signals 𝛽 as well as for the de-trended signals 𝛥𝛽. The cross-
correlation function of the de-trended signals shows the maximum at
a larger time shift due to the fact that the particle velocity is smaller
than the slug velocity. The time shifts between the signals correspond
to a slug velocity of 𝑣s = 0.91m s−1 and a particle velocity of 𝑣p =
0.54m s−1. A PIV analysis of this experiment yields a average particle
velocity within the slug of 𝑣p = 0.52m s−1, which indicates that the
local inhomogeneities within a slug are travelling in fact with particle
velocity.

Applying correlation analysis to the individual pixels of the cross-
sectional estimates of the mass concentration distribution enables the
estimation of velocity fields within the sensor [17,18,25]. Fig. 8(c)
depicts a pixel-wise evaluation of the slug velocity and the particle
velocity, which were obtained from the original signals and the de-
trended signals of the pixels, respectively. The pixel-wise evaluation
shows approximately constant slug velocities as well as particle veloc-
ities over the cross-section as it is also reported in several publications
about horizontal slug flow pneumatic conveying [3,14,49].

Fig. 9(a) depicts a comparison between the PIV-based particle ve-
locity and the ECT-based particle velocity for 51 slug flow experiments
conducted on the laboratory test rig. The distribution of the error
between the PIV-based particle velocities and the ECT-based particle
velocities is shown in Fig. 9(b). The error distribution is approximately
Gaussian with a mean of 𝜇 = −0.003m s−1 and a standard deviation
of 𝜎 = 0.012m s−1, which demonstrates the capability of ECT for the
estimation of 𝑣p. Note that the error distribution illustrates the fit be-
tween the ECT-based velocity estimates and the PIV measurements but
cannot be interpreted as an uncertainty quantification of the ECT-based
estimates as also the PIV measurements are subject to uncertainty [58].
Fig. 9(c) depicts the ECT-based slug velocity and particle velocity
measurements for 51 flow experiments. On average, the relationship
between 𝑣s and 𝑣p can be described by a straight line. Hereby, the
slope of 0.86 corresponds to the average ECT-based slug to layer con-
centration ratio of 𝐸̄ECT = 0.87 as it is also reported in [5,9,11]. The
constant part of 0.73m s−1 is slightly higher compared to results for
plastic pellets presented in [9,11,19] where values in the range of
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Fig. 8. (a) Upstream and downstream cross-sectional average mass concentration signals of a slug flow experiment on the laboratory test rig. The box shows the local signal
variations within the slug signal trend for the marked time segment. (b) Cross-correlation function for the original signals and the de-trended signals. (c) Pixel-wise evaluation of
the slug velocity and the particle velocity.
Fig. 9. ECT-based slug and particle velocity estimation. (a) Comparison between the ECT-based and the PIV-based particle velocity for 51 slug flow experiments in the laboratory
test rig. (b) Distribution of the error between the ECT-based and the PIV-based particle velocity. (c) Relationship between the particle velocity and the slug velocity determined
from ECT measurements.
0.50m s−1 to 0.67m s−1 are reported. The increased constant originates
from the increased pipe diameter of the flow test rig used in this work,
which is in agreement with Konrad’s gas–liquid analogy [59].

3.6. Additional reference material on ECT for flow parameter estimation

In Section 3 it was discussed how slug flow parameters can be
estimated for ECT-based image reconstruction results. The estimation
approaches are demonstrated on experiments conducted on the labo-
8

ratory test rig depicted in Fig. 2. For detailed information about the
implementation and the metrological properties of the algorithms we
refer to the following literature [16,30,37,43].

4. Observations within an industrial process

In this section the application of the proposed ECT-based estimation
techniques within an industrial scale pneumatic conveyor is presented.
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Fig. 10. Estimated mass concentration distribution within the industrial process plant showing multiple slugs separated by stationary layers. The transport good belongs to Geldart
group A and has an Archimedes number of 𝐴𝑟 ≈ 1e0.
4.1. General slug flow properties

4.1.1. Mass concentration distribution
Fig. 10 depicts the reconstructed mass concentration distribution of

an exemplary data segment. The upper plot shows a series of cross-
sectional mass concentration distributions 𝛽(𝑥, 𝑦). The lower plot de-
picts the time evolution of the height profile of the mass concentration
within the conveying pipe 𝛽(𝑦, 𝑡).

The reconstructed mass concentration distribution shows a wave-
like motion of the powder similar to the slug flow regime. Between
the wave-like structures layers are observed at the bottom of the pipe,
which reach the bulk density 𝜌b of the powder. Due to this and the
circumstance that the acquired measurement data of ECT system is
uncorrelated within these layers it is concluded that these layers are
stationary. Interestingly, slug-like structures with stationary layers are
observed even though a Geldart group A powder with an Archimedes
number of 𝐴𝑟 ≈ 1e0 is conveyed. The flow regime chart presented in [3]
states that slug flows with stationary layers only occurs for powders
with 𝐴𝑟 > 1e2. Yet the tomographic data clearly shows a wave-like
motion of the powder with stationary layers.

From 𝛽(𝑦, 𝑡) it can be seen, that the height of the layers separating
the slugs decreases until the layer becomes stationary. This is attributed
to the fluidization behaviour of Geldart group A powders. Geldart
group A beds collapse slowly after de-fluidization, which is why it takes
some time till the bed reaches the bulk density 𝜌b of the powder [41].
For Geldart group D powders in contrast the layer is immediately
stationary after the slug passes as it is shown in Fig. 6. The mass con-
centration within the slug is below the concentration of the layer and
the mass concentration in the front of the slug core is lower compared
to the centre of the slug core. This corresponds to observations of the
laboratory experiments and to results reported in literature [11,32,51].
Hence, the mass concentration distribution in the process plant shows
some similar properties compared to the slug flow of powders with
𝐴𝑟 > 1e2 [3,6]. Within the slug core however, the particles show a
concentration gradient from the pipe bottom to the pipe top, i.e. the
mass concentration at the bottom is slightly larger compared to the top
of the pipe. This differs from the slug flow properties of powders with
𝐴𝑟 > 1e2 since they show homogeneous concentration distributions
within the slug core as can be seen in Fig. 6.

4.1.2. Slug and particle velocity
Fig. 11 depicts the velocity field within the slug core. Similar to

the result for Geldart group D powders depicted in Fig. 8(c) the slug
velocity is approximately constant over the cross-section of the pipe
and larger than the particle velocity. The particle velocity in contrast
is inhomogeneous. Larger particle velocities occur at the top of the pipe
and the particles at the pipe bottom are moving at a lower velocity. This
9

Fig. 11. Cross-sectional slug and particle velocity field of a slug flow process with a
Geldart group A powder with 𝐴𝑟 ≈ 1e0.

property is attributed to the mass concentration gradient within the
slug core, i.e. particles are moving slower in regions with larger mass
concentrations and vice versa. Slugs with non-homogeneous particle
velocity fields within the slug core have been recently presented by [3]
for 𝐴𝑟 > 1e2 described as small slugs moving at the top of a thick
layer, which shows a velocity distribution along the 𝑦-axis. The flow
process observed in this work in contrast seems to exhibit a significantly
larger upper part with an increased particle velocity. The observed
flow of pulverized coal clearly differs from the slug flow regime in a
traditional sense as described in e.g. [6,11,32,59] and also from the slug
flow regime of powders with 𝐴𝑟 > 1e2 and non-homogeneous particle
velocity fields as described in [3]. Hence, the observed flow has to be
distinguished from the slug flow regimes of powders with 𝐴𝑟 > 1e2,
which are reported in literature.

Despite the differences between the observed dense phase flow and
slug flow of powders with 𝐴𝑟 > 1e2, the flow regime is further referred
to as slug flow and the wave-like structures as slugs.

4.1.3. Slug stability and steady state considerations
Fig. 12 depicts the measured layer fraction 𝛼 as well as the measured

slug length 𝐿s of 712 consecutive slugs, which were conveyed over a
duration of 15min. Hereby, a threshold was applied to the measured
signals in order to distinguish between slugs and layers. 𝛼 and 𝐿s are
determined for consecutive slugs and layers ahead of the slug. The 𝑥-
axis in Fig. 12 shows the discrete points in time where the slug front is
recorded.

For a constant slug length the amount of material picked up from the
stationary layer in front of the slug has to be the same than the amount
of material deposited to the layer at the slug rear, i.e. the layer fraction
at the front and the rear of the slug is the same [32]. Since the layer
fraction 𝛼 fluctuates strongly from one slug to another, unstable slugs
with changing lengths are inferred. This corresponds to [15], where
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Fig. 12. Layer fraction and slug length measurements of consecutive slugs of a flow process with multiple slugs.
Fig. 13. Slug velocity, particle velocity and layer fraction measurements of a slug flow process with stationary layers.
it was concluded that individual slugs in an pneumatic conveyor of
multiple slugs are unstable. However, the layer fraction 𝛼 as well as the
slug length 𝐿s are fluctuating around constant average values indicating

overall steady state of the conveying process. This observation cor-
esponds to the fact, that pneumatic conveyors operating in slug flow
aintain a steady pressure drop even though parameters of individual

lugs may vary in time [11].

.1.4. Layer fraction and velocity relationship
Fig. 13(a) depicts slug and particle velocity measurements deter-

ined from ECT data, which was acquired over 24 h during a field
experiment. Since the particle velocity was shown to be inhomogeneous
within the slug core, cross-sectional average values are used. The
velocity data shows that the average relationship between 𝑣s and 𝑣p
can be described by a straight line 𝑣s = 𝑎1 + 𝑎2𝑣p. A least squares fit
yields a constant part of 𝑎1 = 1.45m s−1 and a slope of 𝑎2 = 0.85. In [5]
a model based on continuum mechanics is derived, which relates the
slug velocity 𝑣s and the particle velocity 𝑣p. Hereby, a linear model of
the form 𝑣s = 𝐸(𝑣p + 𝑐) was found, where 𝐸 denotes the concentration
ratio between the slug and the layer and 𝑐 is the propagation velocity
at which the particles travel relative to the slug. The derivation of this
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relationship is based on the assumption of homogeneous mass concen-
tration distributions and particle velocity fields as it is the case for slug
flow processes of powders with 𝐴𝑟 > 1e2 [5–7,9,11,50]. The average
concentration ratio of the shown data set obtained from ECT based mass
concentration measurements is 𝐸̄ECT = 𝛽s∕𝜌b = 0.82. Interestingly,
𝐸̄ECT fits well to the slope 𝑎2 obtained from the least squares fit even
though the observed flow regime shows non-homogeneous particle
velocities and mass concentration distributions within the slugs. The
constant part of 𝑎1 = 1.45m s−1 however is significantly larger com-
pared to results of powders with 𝐴𝑟 > 1e2 reported in literature, which
are in the range of 0.5m s−1 to 0.67m s−1 [9,19,32,59]. We attribute
this deviation to the differing properties between the observed dense
phase flow of pulverized coal and classical slug flows as described in
e.g. [6,11,32,59]. Due to the slope being less than one a theoretical
maximum particle velocity 𝑣p,max = 𝑎1∕(1 − 𝑎2) = 9.67m s−1 can be
calculated [5]. At 𝑣p,max the particles start to outpace the slug, which
should result in a transition away from the slug flow regime [9].

Fig. 13(b) depicts the relationship between the layer fraction 𝛼
and the slug velocity 𝑣s. A least squares fit of a function of the form
𝛼 = 𝑏1𝑣−1s shows that the layer fraction 𝛼 is inversely proportional to the
slug velocity 𝑣s with 𝑏1 = 1.57m s−1. For slug flow of powders with 𝐴𝑟 >
1e2 the relationship between 𝛼 and 𝑣 was found to be 𝛼 = 𝐸𝑐𝑣−1 [9,11].
s s



Powder Technology 420 (2023) 118418T. Suppan et al.
Fig. 14. Estimate mass concentration distribution of a flow process with a Geldart group A powder with 𝐴𝑟 ≈ 1e0 showing multiple slugs separated by non-stationary layers.
This relation is again based on the assumption of homogeneous mass
concentration distributions and particle velocity fields within the slug
core as well as constant slug lengths, i.e. d𝐿s∕d𝑡 = 0 . Fig. 13(b) also
shows the model 𝛼 = 𝐸𝑐𝑣−1s as it is described in [9]. Hereby, the
values 𝑐 = 𝑎1 and 𝐸 = 𝑎2 are used, which are obtained from the
least squares fit of the velocity data. Given the models described in [9]
𝑎1𝑎2 = 𝑏1 should hold. For the data reported in this work however
𝑎1𝑎2 = 1.23m s−1 and 𝑏1 = 1.57m s−1 is obtained. The values are in the
same order of magnitude but differ from each other. Reasons for this
deviation can be unstable individual slugs and inhomogeneous mass
concentration distributions and non-constant particle velocity fields
within the slug. Yet the measurements show an inversely proportional
relationship between 𝑣s and 𝛼 as it is the case for slug flows of powders
with 𝐴𝑟 > 1e2 [9,11,59].

4.2. Slugs with non-stationary layers

During the operation of the ECT system in the industrial process
plant also slug flow with non-stationary layers is observed for Geldart
group A powders with 𝐴𝑟 ≈ 1e0. Slug flow with non-stationary layers
was recently described in [3,32] for powders with 𝐴𝑟 > 1e2. In this
subsection the ECT-based observations of slugs with non-stationary
layers are discussed.

4.2.1. Mass concentration distribution
Fig. 14 depicts the estimated mass concentration distribution for an

exemplary time segment in which the slug flow regime with moving
layers is present. The upper plot shows a time series of cross-sectional
mass concentration distributions 𝛽(𝑥, 𝑦) for a single slug and the layer
behind the slug. The lower plot depicts the time evolution of the height
profile of the mass concentration within the pipe 𝛽(𝑦, 𝑡) for multiple
consecutive slugs. The reconstructed mass concentration distribution
shows layers at the slug rear with a decreasing height over time indi-
cating that the layer is not stationary but moving. The layer height ℎ is
indicated in the lower plot by the dashed line for an exemplary layer.
This corresponds to the results for slugs with moving layers reported
in [3,32]. In contrast to stationary layers the mass concentration of the
moving layers is below the bulk density 𝜌b. This is attributed to the
movement of the material in the layers, which causes the layer to be
fluidized to a certain extent so that the concentration of the bed does
not reach 𝜌b. Again the slug core shows a reduced mass concentration
compared to the layer. The front of the slug core shows a lower mass
concentration than the slug core, which is also comparable to slugs with
stationary layers as depicted in Fig. 10 [11,32,51]. Compared to slugs
with stationary layers the slug core exhibits a lower mass concentration.
11
Fig. 15. Slug and particle velocity relationship for a slug flow process with
non-stationary layers.

4.2.2. Slug and particle velocity relationship
Fig. 15 depicts ECT-based slug velocity 𝑣s and particle velocity

𝑣p measurements of slugs with non-stationary layers. The data was
recorded during the same field experiment as the stationary layer data.
The segmentation of the data into slug flow with stationary layers
and slug flow with non-stationary layers is done based on the layer
concentration 𝛽l. Since 𝛽l ≈ 𝜌b for stationary layers and 𝛽l < 𝜌b for
non-stationary layers the data points for the individual flow regimes
can be distinguished. A least squares fit shows again that the average
relationship between 𝑣s and 𝑣p can be described by an affine function
of the form 𝑣s = 𝑎1 + 𝑎2𝑣p. The least squares fit yields a constant
part of 𝑎1 = 1.81m s−1 and a slope of 𝑎2 = 0.82. The slope fits
again well to the average concentration ratio obtained from ECT-
based mass concentration measurements, which is 𝐸̄ECT = 0.84 for
the data set shown in Fig. 15. The slug concentration as well as the
layer concentration are reduced compared to stationary layer, which is
why the concentration ratio 𝐸 remains approximately constant. Again
the constant part is significantly larger compared to results reported
for powders with 𝐴𝑟 > 1e2 [9,19,32,59] and 𝑎1 is also increased
compared to the results presented for stationary layers. The increase
of 𝑎1 compared to slug flow with stationary layers however, coincides
with the model described in [9] since the constant term increases by
the layer velocity 𝑣𝛼 in the case of non-stationary layers, i.e. 𝑎1 = 𝑐+𝑣𝛼 .

A comparison with the velocity data for stationary layers depicted in
Fig. 13(a) shows that on average non-stationary layers occur at higher
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Fig. 16. Estimated layer concentration for an exemplary time segment of the field experiment where non-stationary layers are present for several consecutive slugs.
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lug and particle velocities. However, the velocity ranges at which
tationary and non-stationary layers occur are overlapping. Hence, the
onsideration of the velocities alone does not allow to draw conclusions
bout the stationarity of the layer indicating the existence of further
nfluencing parameters.

.2.3. Stability of the flow regime
In [9] it is reported, that slug flow with non-stationary layers is

n intermediate flow regime, which occurs at a transition away from
lug flow due to particles beginning to outpace the slug. However,
bservations based on ECT measurements revealed that in the case of
ulverized coal with 𝐴𝑟 ≈ 1e0 non-stationary layers can be present
or several minutes in which hundreds of consecutive slugs with non-
tationary layers are sustained within the conveying pipe. Fig. 16
epicts the estimated layer concentration 𝛽l for 933 consecutive slugs
f an exemplary time segment of the field experiment with a duration
f 20min. The mass concentration of the layers is in the range of 60%

to 70% of the bulk density 𝜌b, which indicates that the layers are non-
stationary over the whole duration of the shown time segment. Hence,
even though non-stationary layers may be an indication that a further
increase of the particle velocity lead to a transition away from the slug
flow regime, it is a stable flow condition for the conveyed material.

4.3. Transition away from slug flow regime

Given the slug flow regime with non-stationary layers a further
increase of the particle velocity results in an additional decrease of the
mass concentration of the slug core and a change of the flow regime
occurs. Fig. 17 depicts the estimated mass concentration distribution of
a data segment with a duration of 200 s illustrating the transition away
from the slug flow regime. The reconstruction result shows transitions
from slugs to continuous flows e.g. at 𝑡 ≈ 13 s. The continuous flow
segments exhibit dense bottom phases with a slowly varying height and
a less dense top phase, which moves in a highly oscillating motion. This
continuous material flow is sustained for up to approximately 15 s until
slug like structures start to emerge again for several seconds, e.g. at
𝑡 ≈ 45 s. The flow condition is constantly changing between continuous
material movement to slug like structures which are separated by layers
making this transition flow regime highly unstable [60]. Interestingly
the transitions are observed from particle velocities ranging from 𝑣p ≈
5.8m s−1 to 𝑣p ≈ 11m s−1. Hence, the velocity range at which the
transition occurs is overlapping with the velocity range at which the
slug flow condition with non-stationary layers is present. The maximum
particle velocity 𝑣p,max = 9.67m s−1 predicted from the stationary layer
data [9] is significantly larger than the minimum velocity at which the
transitions occur. This indicates that for the conveyed material with
𝐴𝑟 ≈ 1e0 a consideration of the slug velocity and particle velocity alone
is not sufficient for a prediction of a transition away from slug flow,
which is why further influential parameters should be considered.
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5. Conclusion

In this work the capabilities of ECT for flow parameter estima-
tion in horizontal slug flow pneumatic conveying processes have been
demonstrated. The estimation of crucial slug flow parameters based
on tomographic signal evaluations are discussed. The estimation per-
formance is demonstrated by means of laboratory experiments with
Geldart group D powders with 𝐴𝑟 ≈ 1e6, for which reference data is
available. It was shown that a dielectric characterization of powders
enables the estimation of mass concentration distributions. In hori-
zontal slug flow processes the velocity of the slug wave is in general
larger compared to the velocities of the particles within the slug. It
was demonstrated, that information about the particle velocity can be
obtained from local signal variations within the slug signal trend of
the estimated mass concentration signals. Hereby a signal de-trending
scheme is applied to enable cross-correlation analyses of the local
signal variations recorded by a dual-plane ECT system, which yields
the particle velocity field within the slug core. The potential of ECT to
estimate mass concentration distributions as well as the velocity of the
particles gives access to future developments of ECT-based mass flow
meters for horizontal slug flow processes.

The proposed estimation techniques have been applied to data
provided by an ECT system, which is installed within a large scale
pneumatic conveyor of an industrial process plant. Hereby, various
consistencies with results reported in available literature are shown
but also novel insights into horizontal slug flow processes of multiple
slugs could be obtained. It was observed that in contrast to available
literature also Geldart group A powder with Archimedes numbers in
the scale of 𝐴𝑟 ≈ 1e0 can be conveyed in slug-like structures which
re separated by stationary layers. For the observed dense phase flow
f pulverized coal various similarities between the slug flow regime
f powders with 𝐴𝑟 > 1e2 could be confirmed but also deviating
roperties were observed, i.e. non-homogeneous mass concentration
istributions and non-constant particle velocity fields within the slug
ore. For increased particle velocities non-stationary layers occurred.
ven though slug flow with non-stationary layers forms an intermediate
low condition between slug flow with stationary layers and a transition
way from slug flow it was observed that slug flow with non-stationary
ayers can be sustained for several minutes in which hundreds of
onsecutive slugs are conveyed. For a further increase of the particle
elocity a transition away from slug flow was observed. Hereby, a
ontinuous particle flow occurs for several seconds until slug like struc-
ures emerge again. The flow is constantly changing from continuous
aterial movement to slug like structures making this transition flow

egime unstable. Additionally, it was observed that the transition away
rom slug flow starts to occur at particle velocities significantly below
he theoretical maximum particle velocity predicted from slug velocity
nd particle velocity data, indicating further dependencies of the flow

egime with other parameters.



Powder Technology 420 (2023) 118418T. Suppan et al.
Fig. 17. Mass concentration distribution of an unstable flow conditions, which occurs at a transition away from slug flow.
In conclusion, the results presented in this work are pointing out
the capabilities of ECT to analyse complex and highly dynamical dense
phase flow processes. The techniques presented in this work enable the
development of potential flow meters for horizontal slug flow processes,
which are crucial for process control and a reliable operation of dense
phase conveying processes. Furthermore, the proposed estimation tech-
niques give access to further insights and a deeper understanding of the
flow mechanisms involved in horizontal slug flow processes.
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