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Abstract: This paper proposed three-dimensional numerical simulation method by coupling 
of electrostatic and fluid fields to evaluating the performance of electrical sensor in the 
concentration measurement of gas/solid two-phase flow. Compared with the static numerical 
simulation, this real-time dynamic 3-D simulation method can research on a designed 
capacitance sensor combining the dynamic characteristics of the two-phase flows for 
concentration measurement. Several fluid-electrostatic models of transmission pipes with 
different sensor structures are built. Under different test positions and different particle 
concentrations, the flow characteristics and the corresponding electric signals can be obtained, 
and the correlation coefficient between the concentration values and the capacitance values 
are used for performance evaluation of the sensors. The effects of flow regimes on 
concentration measurement are also been investigated in this paper. To validate the results of 
simulation, an experimental platform with horizontal straight pipe for phase volume 
concentration measurement of solid/air two-phase flow is built, and the experimental results 
agree well with simulation conclusions. The simulation and test results show that the coupling 
models can give constructive reference opinions for the sensor design and collection of 
installation position in different transmission pipelines, which are very important for the 
practical process of pneumatic conveying system.  

Keywords: 3-D fluid-electrostatic coupling field; electrical sensor performance; concentration 
measurement; gas/solid two-phase flow 
 

1. Introduction 
  Pneumatic conveying of solid particles exists widely in thermal power, steel smelting, 
chemical and food industry. The accurate measurement of gas/solid flow parameters (flow 
regime, velocity, phase concentration, mass flow, etc.) is of great importance in reducing air 
pollution and pipe wearing as well as improving product quality and production efficiency 
[1,2]. Moreover, phase concentration is a key parameter among these flow parameters. 
Capacitance method as one of the most promising technology for two-phase flow parameter 
measurement has the advantages of simple construction, involving nuclear radiation, high 
sensitivity, economical and non invasion. Electrodes mounted on the transmission pipeline, 
when the flow passes through the sensitive space of the mounted sensor, the equivalent 
dielectric constant of this section will changes, then the mean capacitance value of sensing 
electrodes will changes, too [3]. Several configurations of capacitance sensors have been 
proposed and analyzed, i.e., concave, helical, and ring structures [4-7]. Static simulation of 
the electrostatic field is usually applied to investigate the performance of a designed 
capacitance sensor [8].  
    C G Xie and A L Stott [9] proposed a two-dimensional finite-element model to evaluate 
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the performance of a designed surface electrode systems with different structural parameters, 
and a optimum electrode designs were proposed with high sensitivity and low deviation from 
linearity to different flow patterns. According to the poor measuring sensitivity and sensing 
field sensitivity uniformity of the capacitance sensor, Wang X X et al. [10] reported a method 
combining 2-D ANSYS finite element analysis with orthogonal experiment to investigate the 
performance of 3 kinds of capacitance sensors, and their variance analyses were done on the 
test results. The optimum combination schemes were obtained by analyzing and comparing the 
effects of various parameters on different capacitance sensors. Yang W Q et al. [11] proposed a 
2-D simulation model of ECT sensor by coupling fluid field and electrostatic field to 
investigate the performance of the ECT sensor and image reconstruction algorithm. By using 
this computational simulation method of coupled field, the time-varying capacitance values 
and permittivity distributions can be obtained. However, there are little real-time dynamic 3-D 
simulation researches on a designed capacitance sensor combining the dynamic characteristics 
of the two-phase flows for concentration measurement. Moreover, the study object in previous 
research is usually a section of straight pipe [12,13]. However, in the practical process of 
pneumatic conveying system, curving pipe, variable-diameter pipe and other special pipe 
structures are also commonly existed in transmission pipelines, and the flow characteristics 
around these special pipes are different from each other [14,15,16], so the performance 
researches of the sensors installed around these special pipes are also important.  
    In this paper, by coupling of electrostatic and fluid fields, 3-D coupling models of 
straight pipe, curving pipe and variable-diameter pipes with 3 different sensor structures for 
concentration measurement are studied and the concentration distribution and the 
corresponding capacitance values of sensing electrodes can be obtained with varying time. 
The flow patterns and the corresponding sensor signals can be obtained and analyzed under 
different sensor structures, different installation positions and different particle concentrations. 
The correlation coefficient between the concentration values and the capacitance values are 
calculated to evaluate the performance of the sensors. To validate the simulation results, an 
experimental platform with horizontal straight pipe for phase volume concentration 
measurement of solid/air two-phase flow is built and used for experimental studies. The main 
purpose of this article is to demonstrate the effectiveness of the coupling model, and 
investigate the corresponding relationship between the flow characteristics and the electric 
signals, then provide an effective approach to design and evaluate different kinds of electronic 
sensors in a practical process of pneumatic conveying system. 
2. Coupling model 

In electrostatic field, according the Possion’s equation and the Dirichlet boundary 
conditions [17]  
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where D is the electric displacement field, E is the electric field intensity distribution, V is the 
electric potential, 0ε is the permittivity of vacuum and rε is the relative permittivity of the 

mixture. 
In two-phase flow field, the Euler-euler transient model is used to model the real-time 

dynamics of gas-solid flow. The model is expressed by the continuity equation and 
momentum equation: 
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where cφ  and dφ are the holdup of continuous phase and dispersed phase, dc φφ −= 1 , cρ and 

dρ  are the concentrations of the continuous phase and dispersed phase, and cu and du  are 

the velocities of the continuous phase and dispersed phase. 
Momentum equation, 
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where p is the mixed phase pressure, τ ( cτ or dτ ) is the viscous stress tensors, g is the 

gravitational acceleration, mF ( cmF , or dmF , ) is the interaction force between the two phase and 

F ( cF or dF ) is any additional volume force [18, 19].  
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cμ and dμ （Pa.s）are the dynamic visosity of continuous phase and dispersed phase. 

In the coupled model of this article, F is the electric force. The electric force can be 
expressed as [20]: 

TF ⋅∇=        ,                    (5) 
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ji,δ  is the Kronecker delta and i, j represent the components in the coordinate system.  
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Relative permittivity of the mixture rε can be defined by the internally defined 

solid-phase volume fraction, )1( dcddr φεφεε −+= , where dε and cε are the relative 

permittivities of solid and gas. 

3. Coupling simulation 
3.1 Simulation condition  

We use both COMSOL Multiphysics and MATLAB for numerical simulation and data 
processing. The simulation condition details of the solid-gas flow field and the electrostatic 
filed are listed in Table 1. 3 kinds of concentration sensor structures [10] ( 2 electrodes, 4 
electrodes and 8 electrodes, they are all belong to two-electrode capacitance sensors as the 
physical electrodes are connected at intervals [9,21]) are studied by the coupling model and 
their parameters are shown in Table 2.  
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Table 1 Simulation condition 
(a) Solid-gas flow field 

Parameters Value Description 

cρ (kg/m3) 1.2 Density, continuous phase 

dρ (kg/m3) 900 Density, dispersed phase 

cμ (Pa.s) 1.8*e-5 Dynamic viscosity, continuous phase 

dd (m) 5.4*e-5 Diameter, dispersed phase 

maxφ  0.62 Maximum packing concentration 

α (o) 60 Angle between inlet 1 and inlet 2 

0cu (m/s) 2 velocity ( inlet 1), continuous phase  

(b)  Electrostatic filed 
Parameters Value Description

cε  1 Relative permittivity, continuous phase 

dε  4.3 Relative permittivity, dispersed phase 

A (V) 3.3 Amplitude of excitation signal 
 

Table 2 Parameters of the 3 capacitive sensors 
Parameters Values Values Values 

Electrodes number 2 4 8  
Electrode opening angle 120° 60° 30° 
Electrodes length (mm) 100 100 100 

3.2 The performance of 3 sensors on different transmission pipelines model 

    In the practical process of pneumatic conveying system, three pipe structures, straight 
pipe, curving pipe and variable-diameter pipe, are three common structures in transmission 
pipelines. Under the three coupling fluid-electrostatic models, the performance of 
concentration measurement with 3 different sensors are investigated in this paper.  
(a) Straight pipe 

 
Figure 1. Straight pipe model 

 Figure 1 is the discretized model of the straight pipe and the sensors. The diameter of 

the transmission pipeline is 100mm, and the diameter of the feeding pipe is 40mm. Inlet 1 is 

the inlet of the carrier air and the horizontal velocity (v) is 2m/s, Inlet 2 is the inlet of the solid 

particle and the volume fraction of solid particle is 0.5, Outlet is the outlet of the mixture. l1 is 

the distance between the inlet 2 and the center of sensors. The sensors are installed on 6 

different positions (l1 =50mm, 100mm, 150mm, 200mm, 250mm, 300mm), respectively, and 

the operational cycle for each position is 3s. The volume fraction distribution of dispersed 

phase on these cross sections in Figure 2 are captured at 0.2s, 0.4s, 0.8s, 1.2s, 2s, and 3s, 

respectively, and the color ranges of all the images are set to the same.  
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  
l1(mm) T=0.2s T=0.4s T=0.8s T=1.2s T=2s T=3s 
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Figure 2. The volume fraction distribution of dispersed phase  

In the case of constant input conditions, it can be seen from Figure 2 that the flow 
patterns are unstable before 0.8s and they are became relatively stable after 1.2s, which means 
that it needs some transient time to achieve stable flow pattern. The transient time is related to 
the velocity of carrier air in inlet1, for example: v=8m/s the transient time is about 0.7s, and 
v=18m/s the transient time is about 0.5s. Moreover, with the increase of l1 the flow pattern is 
from non-homogeneous flow (e.g. l1=50mm, 100mm, 150mm) to relatively homogeneous 
flow (e.g. l1=200mm, 250mm, 300mm). Figure 3(a) shows 31 concentration values (collected 
one value at every 0.1s from 0s to 3s) of the dispersed phase at 6 different cross-sectional 
positions. And the average concentration values under the stable flow pattern condition (from 
1.2s to 3s) of the 6 positions are drawn in Figure 3(b).  
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Figure 3. (a) Concentration value     (b) Average concentration value 
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As shown in Figure 3(a) and (b), with the increase of l1 there is a decreasing trend of the 
concentration variations. The average concentration value at l1=50mm has maximum 
difference compared with others, and the differences between the remaining 5 average 
concentration values are not big.  

For the fluid-electrostatic model, the corresponding capacitance value of the electrode 
pairs can be obtained in the dynamic flow process. Figures 4, 5 and 6 show the corresponding 
capacitance values and their variations trend at 6 different installed positions of the sensors 
with 2-electrode, 4-electrode and 8-electrode, respectively. 
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Figure 4. (a) Capacitance values with 2-electrode  (b) Capacitance variations trend with 2-electrode 
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Figure 5. (a) Capacitance value with 4-electrode  (b) Capacitance variations trend with 4-electrode 
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  Figure 6. (a) Capacitance value with 8-electrode  (b) Capacitance variations trend with 8-electrode 
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By comparing Figures 4(a), 5(a) and 6(a) with Figure 3(a), all the curves tend to be 
stable after a rising stage at about 1s. The curve variations tendencies in Figures 4(b) and 5(b) 
are similar with that of in Figure 3(a), while the Figure 6(a) is not. Here, use the correlation 
coefficient to evaluate the performance of the sensors.  

The correlation coefficient ( r ) can be expressed as: 
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Where p and c are the average concentration and capacitance values under the stable flow 
pattern condition of the 6 positions of pipe. Here, r represents the correlation coefficient 
between the concentration values and the measured capacitance values by 2-electrode, 
4-electrode and 8-electrode and they are shown in Table 3. 

Table 3 Correlation coefficient 

Sensor  2-electrode 4-electrode 8-electrode 

r 0.9241 0.8189 -0.3878 

Table 3 shows that the capacitance values obtained by 2-electrode have the best 
correlation relation (r=0.9241) with the concentration values, and next is 4-electrode 
(r=0.8189), and the worst is 8-electrode (r=-0.3878). From Figures 3 to 6, for the same 
concentration variations, the corresponding capacitance ranges are 1.7956*10-12- 
1.8131*10-12F, 3.3417*10-12-3.4386*10-12F and 7.4021*10-12- 7.5853*10-12F for 2-electrode, 
4-electrode and 8-electrode, respectively. So with the increase of the electrode number, the 
sensitivity of the capacitance measurement is improved and the measurement range is also 
rose.   

Considering the above factors, both the 2-electrode and 4-electrode can be chosen for 
concentration measurement of solid-gas two-phase flow in this straight pipe, and they should 
be further selected according to the actual situation.  
    Moreover, for the 6 groups stable flow patterns in Figure 2, they could be divided into 
two kinds of flow patterns (kind 1: l1=50mm, 100mm, 150mm; kind 2: l1=200mm, 250mm, 
300mm). Combined with Figures 2, 3(b), 4(b) and 5(b), we can found that the capacitance 
values and concentration values have very good correlation relation under the same kind of 
flow pattern. However, when the differences of flow patterns are varying widely, the 
correlation relation will be decreased, e.g. l1=150mm and l1=200mm, where the capacitance 
values are increased with a decrease of concentration values. So it can be conclude that the 
variations of the flow regimes affect the concentration measurement of two-phase flow by 
capacitance sensors. 
(b) Curving pipe 
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Figure 7.  Curving pipe model 

Figure 7 is the discretized model of the curving pipe and the sensors. A curving pipe is 
added behind the original straight pipe. The angle of turning circleα is 90o, and R/D=2 where 
R is the radius of turning circle and D is the pipe diameter. l2 is the distance between the 
straight pipe and the center of sensors. The sensors are installed on 6 different positions 
l2=150mm, 200mm, 250mm, 300mm, 350mm, 400mm, respectively, and the operational cycle 
for each position is 3s. The volume fraction distribution of dispersed phase on these cross 
sections in Figure 8 are captured at 0.3s, 0.6s, 0.9s, 1.2s, 2s, and 3s, respectively, and the color 
ranges of all the images are set to the same.  
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Figure 8. The volume fraction distribution of dispersed phase  
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    As shown in Figure 8, under the constant input conditions it is need about 1.2s to achieve 
stable flow patterns which are close to laminar flow. Moreover, with the increase of l2 the 
degree of particles' aggregation is reduced and the distributions of particles gradually become 
homogeneous. Figure 9(a) shows the concentration values (collected one value at every 0.1s 
from 0s to 3s) of the dispersed phase at 6 different cross-sectional positions. And the average 
concentration values under the stable flow pattern condition (from 1.2s to 3s) of the 6 
positions are drawn in Figure 9(b).  
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Figure 9. (a) Concentration values from 0s to 3s  (b) Average concentration value 

    As shown in Figure 9, for l2=150mm, 200mm, 250mm, 300mm, with the increase of l2 
there is a decrease trend of the average concentration. While for l2=350, 400mm, the variation 
trend is different.  
    For the fluid-electrostatic model, the corresponding capacitance value of the electrode 
pairs can be obtained in the dynamic flow process. Figures 10, 11 and 12 show the 
corresponding capacitance values and their variations trend at 6 different installed positions of 
the sensors with 2-electrode, 4-electrode and 8-electrode, respectively. 
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Figure 10. (a) Capacitance values with 2-electrode  (b) Capacitance variations trend with 2-electrode 
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Figure 11. (a) Capacitance values with 4-electrode  (b) Capacitance variations trend with 4-electrode 
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Figure 12. (a) Capacitance values with 8-electrode  (b) Capacitance variations trend with 8-electrode 

   By comparing Figures 10(a), 11(a) and 12(a) with Figure 9(a), all the curves tend to be 
stable after a rising stage at about 1.2s. For the curving tube model, the correlation 
coefficients between the concentration values and the measured capacitance values of 
2-electrode, 4-electrode and 8-electrode can be calculated by equation (8) and the results are 
shown in Table 4. 

Table 4 Correlation coefficient 

Sensor  2-electrode 4-electrode 8-electrode 

r 0.8913 0.9326 0.8694 

Table 4 shows that the capacitance values obtained by the three sensor structures all have 
good correlation relations with the concentration values, and 4-electrode has the best 
correlation relation r=0.9326, and the next is 2-electrode r=0.8913, and the last is 8-electrode 
r=0.8694.  

As shown in Figures 9 to 12, for the same concentration variations, the corresponding 
capacitance ranges are 1.7907*10-12-1.8283*10-12F, 3.2467*10-12-3.3357*10-12F and 
6.3730*10-12- 6.7577*10-12F for 2-electrode, 4-electrode and 8-electrode, respectively. Which 
means that with the increase of the electrode number, the sensitivity of the capacitance 
measurement is improved and the measurement range is also increased. Considering the 
above factors, all the three sensor structures can be used for concentration measurement of the 
solid-gas two-phase flow in curving pipe, and they could be further selected according to the 
actual situation.  

As shown in Figure 8, all the 6 groups stable flow patterns with different l2 could be 
identified as laminar flow. However, the angles of laminar flow interface under l2=150mm 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 August 2016            doi:10.20944/preprints201608.0234.v1 

 

http://dx.doi.org/10.20944/preprints201608.0234.v1


11 of 20 

and l2=200mm have slight differences with other 4 groups, and as shown in Figures 9(b), 10(b) 
and 11(b) the correlation relation of the 4 groups are better than that of l2=150 and l2=200 mm. 
So it can be conclude that the variation of the flow regimes affects the concentration 
measurement of solid-gas two phase flow in curving pipe. 
(c) Variable-diameter pipe 
 

 
Figure 13. Variable-diameter pipe model 

Figure 13 is the discretized model of the variable-diameter pipe and the sensors. A 
variable-diameter pipe with diameter 160mm is added behind the original straight pipe. The 
angle of variable-diameter is 45o. l3 is the distance between the inlet 2 and the center of 
sensors. The sensors are installed on 6 different positions l3=580mm, 630mm, 680mm, 
730mm, 780mm and 830mm, respectively, and the operational cycle for each position is 3s. 
The volume fraction distribution of dispersed phase on these cross sections in Figure 8 are 
captured at 0.3s, 0.6s, 0.9s, 1.5s, 2s, and 3s, respectively, and the color ranges of all the 
images are set to the same.  
 

l3(mm) 0.3s 0.6s 0.9s 1.5s 2s 3s 

580 

  

630 

   

680 

   

730 

  

780 

   

830 

  
Figure 14. The volume fraction distribution of dispersed phase  

    As shown in Figure 14, under the constant input conditions it is need about 2s to achieve 
stable flow patterns and the dispersed particles are mainly concentrated in the bottom of the 
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transmission pipe. Figure 15(a) shows the concentration values (collected one value at every 
0.1s from 0s to 3s) of the dispersed phase at 6 different cross-sectional positions. And the 
average concentration values under the stable flow pattern condition (from 2s to 3s) of the 6 
positions are drawn in Figure 15(b). 

0 0.5 1 1.5 2 2.5 3
-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Time (s)

C
on

ce
nt

ra
tio

n 
va

lu
es

 

 

l3=580mm

l3=630mm

l3=680mm
l3=730mm

l3=780mm

l3=830mm

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
0.031

0.032

0.033

0.034

0.035

0.036

0.037

Test points
C

on
ce

nt
ra

tio
n 

va
lu

es
 

Figure 15. (a) Concentration values from 0s to 3s  (b) Average concentration value 
    As shown in Figure 15, for l3=630mm, 680mm, 730mm and 830mm, the average 
concentration are basically the same. While the concentration of l3=580mm has a big 
difference with the others, and the difference of l3=780mm is relatively small.  
    For the coupled model, the corresponding capacitance values of the electrode pairs can 
be obtained in the dynamic flow process. Figures 16, 17 and 18 show the corresponding 
capacitance values and the variations trend of average capacitances at different installed 
positions of the sensors with 2-electrode, 4-electrode and 8-electrode, respectively. 
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Figure 16. (a) Capacitance values with 2-electrode  (b) Capacitance variations trend with 2-electrode 
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Figure 17. (a) Capacitance values with 4-electrode  (b) Capacitance variations trend with 4-electrode 
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Figure 18. (a) Capacitance values with 8-electrode  (b) Capacitance variations trend with 8-electrode 

   As shown in Figures 15(a), 16(a), 17(a) and 18(a), all the curves tend to be stable after a 
rising stage at about 2s, which is kept consistent in Figure 14. For the variable-diameter pipe 
model, the correlation coefficient between the concentration values and the measured 
capacitance values by 2-electrode, 4-electrode and 8-electrode can be calculated using (8) and 
the results are shown in Table 5. 

Table 5 Correlation coefficient 
Sensor  2-electrode 4-electrode 8-electrode 

r 0.9278 0.9843 0.6815 

As shown in Table 5, the capacitance values obtained by 2-electrode and 4-electrode 
have better correlation relations with the concentration values than that by 8-electrode. 
Especially for 4-electrode, its correlation relation r can reach to 0.9843. As shown in Figures 
15 to 18, for the same concentration variations, the corresponding capacitance ranges are 
1.8745*10-12-1.9819*10-12F, 3.4045*10-12-3.5194*10-12F and 6.4169*10-12- 6.5638*10-12F for 
2-electrode, 4-electrode and 8-electrode, respectively. So with the increase of the electrode 
number, the measurement range is increased but not very obvious. Considering the above 
factors, sensor structure with 4-electrode is the best choice for concentration measurement of 
the two-phase flow in this curving pipe model.  

As shown in Figure 14, all the 6 groups stable flow patterns with different l3 are very 
similar. So combined with Figures 15 to 18, the influence of the flow regimes variation on the 
concentration measurement of solid-gas two-phase flow in this model is not distinct.  

According to the above analysis, the measurement performances of different sensors can 
be evaluated by the coupling simulation models, and it is very meaningful to choose the 
appropriate sensors for the concentration measurement of the actual two-phase flow model. 
Moreover, we found that under the same simulation model the correlation relations between 
the capacitance and concentration values are affected by variations in the flow regimes. To 
further verify the conclusion, simulation experiments are carried out in the following sections 
to study the influence of flow regimes’ variations on concentration measurement. 
3.3 Influence of flow regimes’ variation on the concentration measurement 

In this section, simulation experiments based on coupling model of straight pipe are 
carried out to study the influence of flow regimes’ variations on concentration measurement. 3 
groups experimental data are obtained from the coupled model with variable pv (the volume 
fractions of dispersed phase in Inlet 2, set from 0.1 to 0.5) and the volume fraction distribution 
of dispersed phase are shown in Figure 19. Based on the above research, here 2-electrode and 
4-electrode are selected as the investigated sensors of concentration measurement .   
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pv Group1:eccentric flow Group2:laminar flow Group3:mixture 

0.1 
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Figure 19 volume fraction distribution of dispersed phase 

In Figure 19, the color ranges of the images are adjusted adaptively. All the flow patterns of 

group1 can be classified as a same type (eccentric flow) with different concentration values and 

the same to group2 (laminar flow). While for group3 the flow patterns are not belong to a same 

type. For 2-electrode sensor investigation, fitted equations of the three groups, which describe the 

relationships between the concentration values of dispersed phase and the capacitance values, and 

their corresponding parameters are shown in Table 6. 
 

Table 6 Simulation test results with 2-electrode  
Flow regime Group1 Group2 Group3 

Fitted equation y=1.3156*109x-0.0021 y=1.1263*109x-0.0018 y=1.2446*109x-0.0020 

Linearity（%） 0.9 0.11 3.7 

Average relative 

error ( reA %) 
0.992 0.168 5.15 

(x (F) is the capacitance value , y is the solid-gas volume ratio.) 
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For the concentration measurement with 4-electrode sensor, the fitted equations of the 

three groups, and their corresponding parameters are shown in Table 7. 
Table 7 Simulation test results with 4-electrode  

Flow regime Group1 Group2 Group3 

Fitted equation y=1.0904*109x-0.0032 y=6.9557*108x-0.0021 y=7.2536*108x-0.0022 

Linear（%） 7.02 2.02 51.9 

Average relative 

error ( reA %) 4.606 2.418 32.42 

(x (F) is the capacitance value, input , y is the solid-gas volume ratio.) 

    Compared Table 6 with Table 7, the measurement performance with 2-electrode are 

better than that with 4-electrode, which is consistent with the previous conclusions in Table 3.  

As shown in Table 6 and Table 7, the linearity values of Group3 are much higher than 

that of Group1 and Group2, which means that the linearity characteristic of Group3 is the 

worst. And the average relative errors of Group3 are 5.15% and 32.42% , which are much 

bigger than that of Group1 (0.992% and 4.606%) and Group2 (0.168% and 2.418%). So it can 

be conclude that for the same concentration measurement system the measurement 

characteristics with classified flow regimes are better than that of without classified flow 

regimes, which means that the concentration measurement by electrical method are affected 

by variations of the flow regimes. 

4 experimental results 
In order to validate the simulation results, an experimental platform with straight pipe for 

phase concentration measurement of pulverized coal/air two-phase flow is built and it is 
shown in Figure 20. It consists of five parts: carrier air supply part, feeding part, flow pattern 
generator, test part and collection part[22].  

The gas and particles used in the experiment are gas and pulverized coal (PC). Set the 
supplier air velocity 18m/s, and feeding amount ranges from 12.82g/s to 54.22g/s for PC, 
according to the definition described in reference [22] of the relationship between the actual 
concentration of pulverized coal and the mass flow rate, the volume concentrations of 
pulverized coal range from 0.1006×0.1% to 0.4263×0.1%. The discharging amount of 
pulverized coal are adjusted by feeders, and they are regarded as the calibration values which 
determines the actual volumetric concentration of pulverized coal. The measuring section is a 
quartz glass pipe of length 1.20m, and its inner and outer diameters are 96mm and 100mm. 
The capacitance measuring circuit is a C/V (capacitance to voltage) conversion circuit, an 
excitation voltage with 1MHz frequency and 3.3V amplitude are used [23]. 2-electrode and 
4-electrode are studied in experimental part, each electrode is scattered evenly around the 
insulating wall. A ring-shaped electrostatic sensor with axial length of 20mm is applied for 
flow regime identification [24]. The electrostatic signals are collected for flow pattern 
identification of the gas/solid two-phase flow [19]. The subband energies of the electrostatic 
signal Hilbert marginal spectra of different flow patterns are extracted by Hilbert-Huang 
transform(HHT), and the extracted features are used as inputs of the ELM (extreme learning 
machine) identification model, and the outputs are identified flow patterns [21]. 

In order to assist the flow regime identification measurement, a substitutable throttle is 
installed in the upstream of the sensors as a flow pattern generator and the sensors are 
movable along the transmission pipeline. In the experiment, core flow, stratified flow and 
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uniform flow are generated by three different throttling devices [21].  

 
Figure 20 Schematic diagram of a pneumatic conveying system 

  4.1 Calibration Tests  
Under each known flow pattern, 10 capacitance values are measured for each of 10 

concentrations and the 10 different concentrations are set by adjusting the feeding amount. 
Then the relationships between the capacitance values (average of the measured ten 
capacitance values) and the solid-gas volume concentration can be obtained, and their fitted 
equations and corresponding parameters with 2-electrode and 4-electrode are shown in Table 8 
and 9. x (pF) is the capacitance value, y is the solid-gas volume ratio. 

 
Table 8 Calibration test results under known flow pattern with 2-electrode  

Flow regime Core flow  Stratified flow Uniform flow 

Fitted equation y=4.8621x-6.7036 y=4.5419x-6.5985 y=4.5550x-6.6180 

Linearity（%） 1.16 0.98 0.47 

 
Table 9 Calibration test results under known flow pattern with 4-electrode 

Flow regime Core flow  Stratified flow Uniform flow 

Fitted equation y=3.8133x-10.1937 y=2.8077x-7.5315 y=2.6657x-7.5467 

Linearity（%） 7.55 3.7 1.77 

For calibration test of regardless of the flow pattern, flow regime generator is removed. 
The calibration point is l=300mm, where l is the distance between the feeding inlet and the 
center of sensor. Ten capacitance values are measured for each of 10 concentrations and the 
six different concentrations are set by adjusting the feeding amount, which are same to the 
concentrations in Table 8 and Table 9. Then the relationships between the α andC without 
flow pattern identification can be obtained and the fitted equations and corresponding 
parameters are shown in Table 10.  

Table 10 Calibration test results regardless of the flow pattern 
Sensor structure Fitted equation Linearity（%） 

2-electrode y=4.8053x--6.7003 2.9 
4-electrode y=3.7376x-10.1030 4.16 

From Table 8-10, we can conclude that the linearity characteristic of the measurment 
system with 2-electrode are better than that with 4-electrode, and the measurement 
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characteristics with classified flow regimes are better than that of without classified flow 
regimes, which are consistent with the above simulation results. Moreover, they can show that 
the measuring performance of the three flow patterns are different, and with different flow 
patterns the fitted equations of the gas-solid flow concentration measurements are different. 
And for both simulation and calibration tests, we can found that when the distribution of 
particles is more homogeneous, the accuracy of concentration measurement will be more 
higher. So, the sensors should be installed on a appropriate position where distribution of 
particles is more homogeneous, and the position can be selected by the fluid-electrostatic 
coupling simulation method.  
4.2 Verification Tests  

In the verification tests, based on the above research, 2-electrode is used and the flow 
pattern is first identified by the ELM method. Then, based on the identification results, the 
corresponding fitted equation is selected to calculate the solid-gas volume ratio.   

The tests collected total 12 capacitance values, 2 measurement points with 6 different 
concentrations, and the results are shown in Figure 21. Meanwhile, the tests without flow 
pattern identification are carried out for contrast and the results are are shown in Figure 22. 
The concentration measurement errors of pulverized coal are listed in Table 11. The 2 
measurement points are l=130mm and l=400mm, where l is the distance between the feeding 
inlet and the center of sensor.   
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                a. l=130mm                                b. l=400mm 

Figure 21. Pulverized coal concentration with flow regime identification 
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  a. l=130mm                                b.l=400mm 

Figure 22. Pulverized coal concentration without flow regime identification 
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Table 11 Verification test results 
Method With flow regime identification Without flow regime identification 

Performances l=130mm l=400mm l=130mm l=400mm 

Flow regime Core flow  Stratified flow / / 

Maximum relative 
errors（%） 

3.24 1.82 7.23 4.03 

Fiducial errors（%） 3.47 1.29 8.85 5.31 

Table 11 shows that the identification results are core flow for l=130mm and stratified 

flow for l=400mm. In Figure 21, it can be seen that the estimated values agree well with the 

actual values, and the maximum fiducial errors of two measurement points are 3.47% and 

1.29%, respectively. In Figure 22, the maximum fiducial errors f two measurement points are 

8.85% and 5.31%, respectively. The performance of the method with the flow pattern 

identification is better than that of the method without the flow pattern identification, which is 

consistent with the above simulation conclusion. Moreover, with flow regime identification, 

the fiducial error of core flow is higher than that of stratified flow. Which is consistent with 

the simulation conclusion that with the increase of l the flow pattern is from 

non-homogeneous flow to relatively homogeneous flow, and when the distribution of particles 

is more homogeneous, the accuracy of concentration measurement will be more higher. For 

the method without flow regime identification, compared with the verification point l=130mm, 

the verification point l=400mm is closer to 300mm (in the calibration test of regardless of the 

flow pattern, the calibration point is l=300mm.) and their flow regimes are more similar, that 

may be why the maximum fiducial error of l=400mm is lower than that of l=130mm. 

To further improve the measurement precision of the concentration measurement system, 

some intelligence algorithms, such as the dual regression analysis [25], adaptive network 

based fuzzy inference system [3] and the adaptive wavelet neural network [21], can be used to 

built data fusion models instead of fitted equations.  

5. Conclusion  

In this article, a three-dimensional numerical simulation method by coupling of 

electrostatic and fluid fields is proposed to evaluate the performance of electrical sensor in the 

concentration measurement of gas/solid two-phase flow.Three coupling fluid-electrostatic 

models of straight pipe, curving pipe and variable-diameter pipe with 3 different sensors for 

concentration measurement are investigated in this paper. The flow patterns and the 

corresponding sensor signals can be obtained and analyzed under different sensor structures, 

different test positions and different particle concentrations. The simulation results show that 

the coupling models can give constructive reference opinions for the design and collection of 

sensor structure and installation position in different transmission pipelines, which are very 

important for the practical process of pneumatic conveying system. Moreover, from the 

simulation analysis of coupling fluid-electrostatic models we found that for the same 
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concentration measurement system the measurement characteristics with classified flow 

regimes are better than that of without classified flow regimes, which means that the 

concentration measurement by electrical method are affected by variations of the flow 

regimes. To validate the simulation results, an experimental platform with horizontal straight 

pipe for phase concentration measurement of two-phase flow is built and used for 

experimental studies, and the experimental results agree well with simulation conclusions. 

The proposed fluid-electrostatic field coupling method can also be used for fluid dynamic 

research and sensor performance analysis of ECT , ERT and other flow process.  
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