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Abstract—In gas-solid two-phase flow, 
the accuracy of solid concentration 
measurement is significantly affected by 
the unknown and varying moisture content 
in the solid phase, particularly when the 
used method is sensitive to the moisture 
content. To address this issue, a new 
method that uses a novel microwave 
transmission sensor working at two 
frequencies and a novel decoupling 
method is proposed to achieve moisture 
independent solid concentration measurement. A dual-frequency resonant printed dipole antenna is designed using 
finite element simulation method, and the microwave transmission sensor which can work at two frequencies is formed 
by two dipole antennas. A simple and effective decoupling method is proposed to extract moisture content from 
dual-frequency phase shift information, enabling solid concentration measurement. The flow structures of roping flow 
with varying solid concentrations and moisture contents are used to verify the proposed method. Experimental results 
demonstrate that the dual-frequency phase shifts of the microwave transmission sensor are both sensitive to the solid 
concentration and moisture content. Therefore, only relying on the phase shift information from a single frequency 
cannot accurately measure solid concentration under conditions of varying moisture content. The decoupling method 
proposed in this study, based on dual-frequency phase shift information, can accurately determines moisture content. 
Consequently, it enables solid concentration measurement in gas-solid flows with relative errors within ±5% under 
conditions of varying moisture content. 

 
Index Terms—dual-frequency microwave dipole antenna, gas-solid two-phase flow, moisture content, solid concentration 

measurement 

 

 

I.  INTRODUCTION 

as-solid two-phase flow is commonly encountered in 

industrial processes such as the pneumatic conveying of 

coal powder in blast furnaces. Accurate measurement of solid 

concentration is essential for the effective control and 

management of the pneumatic conveying process. By precisely 

monitoring solid concentration, adjustments can be made to the 

air and material flow to prevent issues such as pipeline 
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clogging, excessive wear on equipment, or energy 

inefficiencies, ultimately improving system reliability and 

operational efficiency. However, in contrast to measuring 

single-phase fluids, the coexistence and non-uniform 

distribution of solid phase and gas phase in gas-solid two-phase 

flow introduce difficulty in achieving accurate measurements 

of solid concentration. Furthermore, the unknown moisture 

content within the solid phase brings an additional challenge to 

the accurate measurement of solid concentration.  

Current methods for measuring parameters in gas-solid 

two-phase flow include electrostatic method [1]-[3], capacitive 

method [4]-[6], ultrasonic method [7]-[9], radiation method 

[10] [11], and microwave method [12]-[15]. The electrostatic 

method is based on the electrostatic properties of solids and is 

highly sensitive. However, its measurement results are 

influenced by particle characteristics and moisture content. The 

capacitive method relies on dielectric properties for 

measurement, offering low cost and non-contact measurement. 

However, the non-uniform distribution of solids and moisture 

content affect the accuracy of solid concentration 

measurements. The ultrasonic method provides a fast response 

and is cost-effective, but the non-uniform solid distribution and 

variations in solid acoustic properties also present challenges 
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for ultrasonic measurements. The radiation method can achieve 

accurate solid concentration measurements, but it comes with 

drawbacks such as safety risks, high costs, and regulatory 

restrictions. With its advantages of non-contact measurement, 

fast response, high sensitivity, and multiple sensing effects, the 

microwave method shows promising application prospects in 

multiphase flow measurement. Particularly, it has been 

extensively researched and applied in multiphase flows 

involving water phase. As the dielectric property of water is 

distinctive from other phases in multiphase flows, microwave 

transmission and resonance method [16]-[23] are investigated 

to measure the water holdup. In comparison with multiphase 

flows involving a water phase, the application of microwave 

methods in gas-solid two-phase flow measurement has received 

limited attention. Guo and Zhang [12] designed a concentration 

gauge composed of an emission antenna and a receiving 

antenna and utilized the attenuation of microwave signals 

passing through coal powder to calculate the solid 

concentration. Pang et al. [13] developed a non-intrusive mass 

flow measurement system with a fixed working frequency and 

utilized the correlation between received microwave signal 

power and solid concentration to estimate the particle 

concentration. Akhter et al. [14] employed a circular 

waveguide with a resonant iris structure to assess solid 

concentration in the gas stream. This was achieved through an 

analysis of the scattering coefficients of the transmitting and 

receiving probes. Zou et al. [15] used a 16-antenna microwave 

tomography sensor to capture electrical signals between 

antenna pairs, subsequently using image reconstruction 

algorithms to generate spatial images and thereby infer solid 

concentration.  

The aforementioned studies on gas-solid two-phase flow 

measurement were conducted under the assumption of a 

constant permittivity for the solid. However, in some industrial 

processes, the situation that moisture in the solid changes is 

often encountered. The varying and unknown moisture brings 

new challenges to the solid concentration measurement using 

microwave method. Currently, methods for measuring solid 

concentration with varying moisture in gas-solid two-phase 

flow have not been fully developed. Only a limited number of 

studies have utilized the microwave method to measure solid 

concentrations with varying moisture. Penirschke et al. [24] 

combined two different microwave sensors to achieve moisture 

insensitive solid concentration measurement. The combined 

sensor required more installation space and the integration of 

the sensor system was complex. Additionally, the sensor 

system was sensitive to the cross-sectional flow distribution. 

Wang et al. [25] proposed a combined sensor system including 

a microwave sensor and a capacitive sensor to measure solid 

concentration without being influenced by moisture. The 

performance of the combined sensor system was affected by the 

nonuniform sensitivity distribution and low sensitivity of the 

capacitive sensor. Wang et al. [26] developed a microwave 

resonant cavity sensor to measure solid concentration with 

varying moisture. This method required prior knowledge of the 

sensor outputs when the pipe was full of air and full of solid. 

In this study, a new method that uses a novel microwave 

transmission sensor working at two frequencies and a novel 

decoupling method is proposed to achieve moisture 

independent solid concentration measurement. The sensor is 

formed by two dual-frequency resonant printed dipole antennas 

which are designed using finite element simulation method. 

The sensor simultaneously senses the changes in both solid 

concentration and moisture content based on the phase shifts at 

two working frequencies. Afterward, the decoupling method is 

proposed to simultaneously obtain moisture content and solid 

concentration from dual-frequency phase shift information. 

Experiments were carried out and the experimental results 

demonstrate that this method can achieve moisture independent 

solid concentration measurements in gas-solid two-phase flow. 

Compared to the existing works mentioned above, the proposed 

method utilizes only one compact microwave transmission 

sensor that operates at two frequencies. The phase shifts at both 

frequencies are sensitive to solid concentration and moisture 

but not sensitive to the solid distribution. By proposing the 

decoupling method, moisture independent solid concentration 

measurement is achieved without requiring prior knowledge of 

sensor outputs when the pipe is full of air and full of solid. This 

study provides a new approach for accurately measuring solid 

concentration under varying moisture conditions. 

II. MEASUREMENT METHODOLOGY AND SYSTEM DESIGN 

A. Measurement methodology 

The microwave transmission method measures the gas-solid 

flows based on the amplitude attenuation and phase shift effects 

of the microwaves caused by the medium. When 

fixed-frequency microwaves are emitted from the transmitting 

antenna of a sensor, propagate through medium, and are 

received by the receiving antenna, the amplitude attenuation A1 

(dB) and phase shift θ1 (degree) are both related to the complex 

relative permittivity of the medium [27]. For gas-solid flows 

with varying moisture, the complex relative permittivity is 

dependent on the solid concentration Sc and moisture content 

Mc. Therefore, the amplitude attenuation A1 and phase shift θ1 

are both related the solid concentration Sc and moisture content 

Mc. Their relationships can be established as 

c 1 1 c( , )S F A M=                                (1) 

c 1 1 c( , )S f M=                                (2) 

From equation (1) and (2) we can see that depending only on 

the measured A1 or θ1 values to measure solid concentration 

will be affected by unknown moisture content Mc. Compared to 

amplitude attenuation, microwave phase shift exhibits higher 

sensitivity and is more suitable for measuring phase holdups 

and solid concentration in multiphase flow [25][27][28]. 

Therefore, microwave phase shift was selected for the 

measurements in this study. However, when measuring solid 

concentration in gas-solid flows using phase shift at a single 

frequency, the measurement is affected by the unknown 

moisture content, as shown in equation (2). If the sensor can 

work at another frequency and the phase shift θ2 at this working 

frequency also has relationship with solid concentration Sc and 

moisture content Mc, and the relationship can be established as 
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c 2 2 c( , )S f M=                              (3) 

The combined use of equation (2) and (3) makes it possible 

to simultaneously determine the moisture content and solid 

concentration. To determine the Mc and Sc, a decoupling 

method is proposed and a new parameter Q which is the 

absolute value of the difference between the Sc measured using 

two frequencies is defined as 

1 2 c1 2c, )= ( ( , )Q f MfM −                     (4) 

Since the sensor measure the same gas-solid flows using two 

working frequencies, the measured Sc should be the same when 

the Mc is determined. Therefore, when the Mc is accurately 

determined, Q will take the minimum value. By traversing 

possible values Mc, the values of Q with different Mc are 

calculated. Then, find the minimum value of Q, the 

corresponding Mc is the true moisture content. When the Mc is 

determined, the solid concentration Sc can be determined using 

equation (2) or (3). In this study, to achieve dual-frequency 

measurement, a novel microwave sensor system using 

dual-frequency dipole antennas is designed. Based on the two 

phase shifts obtained from experiments, a decoupling method is 

developed to extract the moisture content Mc. Furthermore, the 

two phase shifts are respectively used to predict the solid 

concentration Sc. The flowchart of the proposed method is 

shown in Fig. 1. 
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Fig. 1. Overall flowchart of the proposed methods.  

B. Design of dual-frequency printed dipole antenna 

When using a dual-frequency method for solid concentration 

measurement, the design of suitable transmitting and receiving 

antenna to form a sensor is crucial. A dipole antenna has two 

resonant frequencies by designing its structures [29]. It can 

have a broad operating frequency range, offering flexibility in 

designing working frequencies. It features a simple structure 

and easy impedance matching [30]. These advantages make it 

suitable for use as both transmitting and receiving antennas to 

form a novel dual-frequency sensor, achieving dual-frequency 

measurement of solid concentration. 

In this study, a new dual-frequency printed dipole antenna is 

designed using finite element simulation method, and its 

configuration is shown in Fig. 2. The antenna consists of a 

dielectric plate, two high-frequency dipole arms, two 

low-frequency dipole arms, a microstrip balun, a microstrip 

transmission line, and an antenna feed surface. The dielectric 

plate, with a length of 90 mm and a width of 80 mm, is made of 

FR4 epoxy resin with a dielectric constant εr of 4.4, and a 

thickness of 1.6 mm [31], while the other elements are 

conductors. The width of the microstrip transmission line is 2 

mm, and to achieve 50 Ω impedance matching, a microstrip 

balun is employed as an impedance matching device [32]. The 

excitation signal is fed into the antenna through the feed 

surface, passing through the microstrip balun and the 

transmission line before reaching the dipole arms. Within the 

microstrip transmission line, the currents flow in opposite 

directions, minimizing radiation. In contrast, along the two 

dipole arms, the currents flow in phase, leading to the efficient 

radiation of electromagnetic waves [33]. Considering the size 

of the test pipeline and the results of preliminary exploration, 

the resonant frequencies of the dipole antenna are initially set at 

1.5 GHz and 2.5 GHz. This ensures that the antennas are of 

suitable dimensions for proper installation on the test pipeline 

to form an effective sensor, since the resonant frequencies 

affect antenna dimension. The use of two significantly different 

frequencies without mutual interference, combined with 

swept-frequency measurement, ensures reliable measurement 

performance. The resonant frequencies of the antenna are 

related to the lengths of the dipole arms. For the resonant 

frequencies of 1.5 GHz and 2.5 GHz, the corresponding 

free-space wavelengths are approximately 200 mm and 120 

mm, respectively. Within the FR4 dielectric, these wavelengths 

are reduced to approximately 95 mm and 57 mm, respectively 

[34]. According to dipole antenna theory, the total length of a 

dipole arm is typically around 0.5 times the operating 

wavelength [35], which provides a theoretical basis for 

analyzing the arm lengths.  

W1

 
Fig. 2. Configuration of the dual-frequency printed dipole antenna. 

In this study, we optimize the structural parameters L1, L2, L3, 

L4, S1, S2, W1, W2, and W3, as shown in Fig. 2, using the finite 

element simulation method to achieve impedance matching and 

maintain low reflection coefficients for a dual-frequency dipole 

antenna. During the finite element simulation, the sweeping 

frequency ranges from 1 GHz to 3 GHz with a step size of 1 

MHz. Radiation boundaries are set around the model, and the 

conductors are assigned perfect electric conductor boundaries. 

First, we analyze the influence of each parameter on the 

antenna performance and determine the optimization range for 

each parameter. Finally, we obtain the optimal parameters 

through comprehensive optimization. Fig. 3(a) and (b) show 

the influences of the length L1 and the length L2 on the 

reflection coefficient S11. An increase in L1 leads to a decrease 

in the low-frequency resonance frequency, while an increase in 

L2 results in a lower high-frequency resonant frequency. This is 

consistent with dipole antenna theory [35], from which it 

follows that the resonance frequencies of a dipole antenna are 

inversely proportional to the lengths of its arms. We choose an 

initial value of L1=36 mm and an initial value of L2=23 mm to 

obtain resonant frequencies near 1.5 GHz and 2.5 GHz, 

respectively. The width of the dipole arm has a minor impact on 

both the resonant frequency and impedance. In this study, the 
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initial width of the low-frequency dipole arm W1 is determined 

as 5.7 mm, and the initial width of the high-frequency dipole 

arm W2 is determined as 3.7 mm. 

The distance S1 between the edges of the high-frequency 

dipole arm and the dielectric plate, and the distance S2 between 

the edges of the low-frequency and high-frequency dipole 

arms, both influence the reflection coefficient S11. Therefore, it 

is necessary to analyze the effects of different S1 and S2 values 

on antenna performance. The effects of varying S1 and S2 on the 

reflection coefficient S11 are presented in Fig. 4(a) and (b). The 

relationships between the reflection coefficient S11 and the 

variations in S1 and S2 are quite complex. To achieve resonance 

frequencies approximately at 1.5 GHz and 2.5 GHz, while 

achieving a lower reflection coefficient S11, initial values of S1 

and S2 are set as 26 mm and 22 mm, respectively. 
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(a)                                                          (b) 

Fig. 3. (a) Effect of L1 on reflection coefficient S11. (b) Effect of L2 on reflection 

coefficient S11. 
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Fig. 4. (a) Effect of S1 on reflection coefficient S11. (b) Effect of S2 on reflection 

coefficient S11. 

For achieving optimal impedance matching of the antenna, 

the determination of the parameters of the microstrip balun 

structure including the L3 which is the half of the bottom edge 

length, the height of the tapered section L4, and the width W3 is 

very important. The influences of these parameters on the 

impedance including the real part Re and imaginary part Im are 

shown in Fig. 5. It is evident that each parameter exerts an 

influence on the impedance. To ensure the impedance is close 

to 50 Ω, initial values of L3, L4, and W3 are set at 8 mm, 15 mm, 

and 4 mm, respectively.  

In order to obtain an antenna configuration that meets the 

requirements, these parameters need to be comprehensively 

optimized. In this study, the optimization objectives for the 

antenna design are defined as achieving resonant frequencies of 

1.5 GHz and 2.5 GHz, with S11 less than -40 dB and impedance 

close to 50 Ω at both frequencies. The optimized parameters 

and their variation ranges are shown in TABLE I. Min focus 

and max focus denote subranges of specified parameter values. 

During the optimization process, the search begins within these 

subranges to narrow the search space and quickly identify 

parameter values that meet the optimization objectives. If no 

satisfactory values are found, the search is expanded to the 

entire value range. The sequential nonlinear programming 

(SNLP) algorithm is used as the optimization method to 

determine the optimal design parameters for the antenna. The 

SNLP algorithm has the advantages that it exhibits faster 

convergence rates, effective constraint handling, and a 

significant reduction in noise. During the optimization process, 

the algorithm performs multiple optimization iterations, 

continuously updating the response surface model based on 

simulation results to systematically refine design parameters. 

This iterative process ultimately converges to the defined 

optimization objectives. When the objectives are met, the final 

optimized parameters are provided. 
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Fig. 5. (a) Effect of L3 on impedance at 1.5 GHz and 2.5 GHz. (b) Effect of L4 

on impedance at 1.5 GHz and 2.5 GHz. (c) Effect of W3 on impedance at 1.5 

GHz and 2.5 GHz. 

TABLE I 

RANGE OF PARAMETER VALUES 

Parameter Value range (mm) Min focus Max focus 

L1 [23.75,50] 25 45 
L2 [14.25,30] 15 30 

L3 [8,18] 9 16 

L4 [6,16] 8 14 
W1 [3,6] 3 6 

W2 [3,6] 3 6 
W3 [3,7] 3 7 

S1 [18,30] 22 30 

S2 [18,30] 22 30 

Based on the optimization results, the structural parameters 

of the printed dipole antenna were determined as follows: 

L1=35.9 mm, L2=23.7 mm, L3=14.2 mm, L4=12.7 mm, S1=27 

mm, S2=23.4 mm, W1=5.7 mm, W2=3.7 mm, W3=5.3 mm. 

Afterward, the printed dipole antenna was fabricated using 

printed circuit board (PCB) technology, and a vector network 

analyzer (VNA) was used for actual measurements of the 

reflection coefficient S11. Fig. 6 shows the S11 values of the 

simulation results and the experimental results obtained from 

the VNA. During the transition from simulation to fabrication, 

fabrication tolerances and deviations were carefully considered, 

including PCB manufacturing inaccuracies, variations in 

substrate material properties, and assembly misalignments. 
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Nevertheless, differences between the experimental results and 

the simulation results were still observed. It can be attributed to 

factors such as inherent limitations in simulation accuracy, 

unavoidable differences in material properties between 

simulation and actual fabrication, and inevitable fabrication 

errors. These differences will not affect the ability of the sensor 

to measure solid concentration, as we utilize phase shifts of 

microwaves at two working frequencies and their relationships 

with solid concentration and moisture for measurement. We 

ultimately determine the actual working frequencies based on 

the experimental results, and the experimentally measured S11 

values at these two frequencies are very low, ensuring good 

antenna performance and meeting the requirements for solid 

concentration measurement. 
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Fig. 6. S11 values of the simulation result and the experimental result. 

C. Measurement system design 

The main elements of the measurement system are shown in 

Fig. 7, which includes the VNA, coaxial cables, transmitting 

antenna, test pipeline and receiving antenna. The transmitting 

and receiving antennas are placed on opposite sides of the test 

pipeline to form a sensor that operates in the phase-based 

transmission modality. The port 1 of the VNA is used to 

generate microwave signals covering the frequency range from 

1 GHz to 3 GHz, which are then conveyed to the transmitting 

antenna for emission through coaxial cables. Subsequently, the 

receiving antenna captures the microwave signal passing 

through the test pipeline, which is then conveyed to the port 2 

of the VNA. The VNA can measure the phase shifts of 

microwaves at two working frequencies. The measured phase 

shifts at these frequencies provide information to 

simultaneously determine solid concentration and moisture 

content.  

VNATest pipeline

Transmitting antenna

Receiving antenna

Solid 

Coaxial cable

 
Fig. 7. Main elements of the measurement system. 

III. EXPERIMENT TEST 

Roping flow is a typical flow pattern in gas-solid two-phase 

flow. Given the feasibility of simulating roping flow pattern in 

the laboratory and the convenience of calculating its true solid 

concentration, roping flow is suitable for verifying the solid 

concentration measurement methods [25] [26]. The 

experimental setup is shown in Fig. 8, and the experiments 

were conducted in a laboratory environment, with the 

temperature and ambient humidity maintained at stable levels. 

The VNA has a frequency range of 1 MHz to 6.5 GHz with a 

frequency resolution of 1 Hz. Its measurement bandwidth has a 

range of 10 Hz to 50 kHz, and its dynamic range is 113 dB. The 

VNA can achieve sufficient resolution and accuracy in 

measuring phase shifts at the two working frequencies used in 

this study. The test pipeline is made of acrylic, which is 

generally considered a microwave-transparent material, to 

avoid causing significant impact on microwave propagation. 

The internal and external diameters (dt and Dt) of the test 

pipeline are 35 mm and 42 mm, respectively. The PVC pipes 

fully filled with coal powder, as shown in Fig. 9(a), are used to 

simulate the solid phase of the roping flow. In Fig. 9(a), the 

internal diameters dp of the PVC pipes from left to right are 13 

mm, 15 mm, 18 mm, 20 mm, 23 mm, 26 mm, and 30 mm.  

By inserting PVC pipes filled with coal powder with 

different diameters into the test pipeline, as shown in Fig. 9(b), 

a roping flow with varying solid concentrations is simulated 

[25]. By inserting the PVC pipes into the pipeline with different 

positions, roping flow with different phase distributions is 

simulated. All the PVC pipes have a length l of 12Dt to ensure 

that the simulated roping flow structure with the desired solid 

concentration is entirely within the sensing volume of the 

sensor. The true solid concentration Sc of roping flow is 

calculated from 

( )
( )

2 2

2

2
100% 100% 100%

2

pp p

c

t tt

d lV d
S

V dd l





 
=  =  =  

 
   (5) 

where Vp represents the volume of the solid, and Vt represents 

the volume of the test pipeline. In this study, for the PVC pipes 

filled with coal powder with different dp, the calculated solid 

concentrations are 13.80%, 18.37%, 26.45%, 32.65%, 43.18%, 

55.18%, and 73.47%. 

Fixed platform

VNA
Coaxial cable
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antenna

Test pipeline

Transmitting 

antenna

 
Fig. 8. Photograph of the experimental setup. 

dp       
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with coal powder

Support

Test pipeline

dt
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(a)                                                 (b) 

Fig. 9. (a) PVC pipes fully filled with coal powder with different diameters. (b) 

Photograph of coal powder-filled PVC pipe insertion into the test pipeline. 

To investigate the influence of moisture on the solid 

concentration measurement and to explore methods for 
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eliminating this influence, coal powder samples with varying 

moisture contents Mc are prepared. We use the weighing 

method to obtain water with a mass of m and dry coal powder 

with a mass of M. Then, the coal powder was spread out, water 

was sprayed evenly onto it, and it was thoroughly and 

uniformly mixed to make the water consistently distributed 

throughout the coal powder. In this way, coal powder with 

different moisture contents can be obtained, and its moisture 

content Mc is defined as: 

100%c

m
M

m M
= 

+
                            (6) 

In this study, coal powder with moisture contents of 0%, 2%, 

4%, and 6% is prepared. Experiments were conducted under 

test conditions that cover all combinations of moisture contents 

(0%, 2%, 4%, and 6%) and solid concentrations (13.80%, 

18.37%, 26.45%, 32.65%, 43.18%, 55.18%, and 73.47%). 

IV. RESULTS AND DISCUSSION 

Based on the measured results of the reflection coefficient 

S11 shown in Fig. 6, the working frequencies of the sensor are 

determined as 1.534 GHz and 2.544 GHz. Fig. 10(a) and (b) 

present the phase shift θ measured at different frequencies for 

the PVC pipes fully filled with coal powder with different dp 

under a moisture content Mc of 6%. Additionally, Fig. 11(a) and 

(b) show the measured phase shift θ at different frequencies 

with a constant dp of 30 mm and different Mc. Fig. 10 shows 

that the phase shifts under both working frequencies are 

sensitive to the change of dp when the Mc is fixed. Fig. 11 shows 

that the phase shifts under both working frequencies are 

sensitive to the change of moisture content Mc when the dp is 

fixed. When microwaves propagate through a medium, the 

frequency, the propagation distance, and the medium 

permittivity all affect the phase characteristics of the 

microwaves. The value of the phase shift measured by the VNA 

decreases with increasing frequency, propagation distance, and 

medium permittivity. The increasing dp increase the solid 

concentration and increase the mixture permittivity. The 

increasing moisture content also increases the mixture 

permittivity. Therefore, under the same condition of moisture 

content, an increase in solid concentration leads to a decrease in 

the value of the measured phase shift θ. Under the same 

condition of solid concentration, an increase in moisture 

content also leads to a decrease in the value of the measured 

phase shift θ. These results indicate that the phase shifts under 

both working frequencies can effectively acquire the 

information including the solid concentration and the moisture 

content. 

To assess the performance of the sensor on measuring 

gas-solid flows with non-uniform phase distribution, we carry 

out phase shift measurement by placing a coal powder-filled 

PVC pipe at different positions in the test pipeline. In the 

horizontal direction, we select five measurement positions (1 to 

5) at distances of 6.5 mm, 12 mm, 17.5 mm, 23 mm and 28.5 

mm from the left inner wall of test pipeline. In the vertical 

direction, we select five measurement positions (6 to 10) at 

distances of 6.5 mm, 12 mm, 17.5 mm, 23 mm and 28.5 mm 

from the upper inner pipeline wall. We measured the distance 

from the center of the PVC pipe to the inner wall of the test 

pipeline, which allowed us to determine its position precisely. 

The PVC pipe was then fixed with support at the desired 

position. Fig. 12(a)-(d) shows the measured phase shifts at two 

resonant frequencies when a PVC pipe with dp of 13 mm and 

Mc of 0% is placed at different positions in the test pipeline. We 

calculate the relative deviation (RD) of the measured phase 

shift at each position to the average phase shift of the five 

positions and the results are also shown in Fig. 12(a)-(d). The 

relative deviation can indicate the differences of the measured 

phase shifts at five positions which helps to evaluate the sensor 

output characteristics when the solid phase is at different 

positions. From Fig. 12(a)-(d) we can see that for each 

sweeping frequency range, although the PVC pipe is at 

different positions, the measured phase shifts under the same 

working frequency are close to each other. The relative 

deviations (RD) are all small especially when the sensor works 

at the high resonant frequency of 2.544 GHz. These results 

indicate that, at both low and high frequencies, the sensor 

exhibits relatively uniform sensitivity distributions, and the 

sensor outputs are not sensitive to solid distribution, thereby 

enabling it to measure solid concentrations under different solid 

distributions. 
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(a)                                                         (b) 

Fig. 10. Measured phase shifts at sweeping frequencies with varying dp and a 

constant Mc of 6%: (a) 1.45–1.55 GHz; (b) 2.45–2.55 GHz. Increasing dp leads 

to higher solid concentrations and results in decreased measured phase shifts. 
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Fig. 11. Measured phase shifts at sweeping frequencies with varying Mc and a 

constant dp of 30 mm: (a) 1.45–1.55 GHz; (b) 2.45–2.55 GHz. Increasing Mc 

leads to decreased measured phase shifts. 
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Fig. 12. Measured phase shifts at sweeping frequencies when the PVC pipe is 

placed at different positions: (a) 1.45–1.55 GHz, horizontal positions; (b) 

2.45–2.55 GHz, horizontal positions; (c) 1.45–1.55 GHz, vertical positions; and 

(d) 2.45–2.55 GHz, vertical positions. The results show that the sensor exhibits 

a relatively uniform sensitivity distribution and is insensitive to the solid 

distribution.  
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Fig. 13. Measured phase shifts with different solid concentrations under 

different moisture contents at (a) 1.534 GHz and (b) 2.544 GHz. The phase 

shifts decrease with increasing solid concentration at a fixed moisture content, 

and also decrease with increasing moisture content at a fixed solid 

concentration. 

Based on the phase shift measurement results with different 

solid concentrations and moisture contents, we extract the 

phase shift values at two working frequencies of 1.534 GHz and 

2.544 GHz, denoted as θ1 and θ2. Repeated experiments were 

conducted and phase shift values were obtained at both low and 

high resonant frequencies under various solid concentrations 

and moisture contents. The average phase shift values are 

calculated for each experimental condition, and error bars 

which represent the standard deviations of the measured phase 

shift are employed to reflect the measurement uncertainty. The 

measurement results at frequencies of 1.534 GHz and 2.544 

GHz are shown in Fig. 13 (a) and (b). It can be seen in Fig. 13 

(a) that when the moisture content is fixed, the measured phase 

shift θ1 decreases with the increase of the solid concentration at 

1.534 GHz. When the solid concentration is fixed, the 

measured phase shift θ1 decreases with the increase of the 

moisture content at 1.534 GHz. Similarly, it can be seen in Fig. 

13 (b) that when the moisture content is fixed, the measured 

phase shift θ2 decreases with the increase of the solid 

concentration at 2.544 GHz. When the solid concentration is 

fixed, the measured phase shift θ2 decreases with the increase of 

the moisture content at 2.544 GHz. Fig. 13 shows that the phase 

shifts at both working frequencies are sensitive to the solid 

concentration, but the phase shifts are affected by moisture. At 

high working frequency, the phase shifts are more sensitive to 

changes in the solid concentration. The error bars for both θ1 

and θ2 are small, indicating high repeatability and low 

measurement uncertainty. Moreover, since the error bars for θ2 

are smaller, its measurement uncertainty is lower than that of 

θ1. Fig. 13 indicates that only depending on phase shift 

information from a single resonant frequency is inadequate to 

accurately measure solid concentration when moisture content 

is an unknown variable. In order to eliminate the influence of 

moisture content on the measurement of solid concentration, a 

decoupling method is proposed. For the decoupling method as 

described before, it is important to establish the relationships 

among the phase shift, moisture content and solid concentration 

under two working frequencies. In this study, we establish these 

relationships based on the experimental data in Fig. 13. From 

the Fig. 13, it can be seen that when the moisture Mc is fixed, 

the solid concentration has a nearly linear relationship with the 

measured phase shift. The change of moisture content almost 

does not change the slope of the relationships but change the 

intercept of the relationships. We apply linear fitting to the data 

to establish the relationship between solid concentration and 

the measured phase shift under varying moisture conditions. 

Then a universal linear relationship can be built to describe the 

relationship between solid concentration and measured phase 

shift under varying moisture conditions. The slope S1 of the 

relationship in Fig. 13(a) is determined as the mean value of the 

slopes when the Mc is 0%, 2%, 4% and 6% under the working 

frequency of 1.534 GHz. The slope S2 of the relationship in Fig. 

13(b) is determined as the mean value of the slopes when the Mc 

is 0%, 2%, 4% and 6% under the working frequency of 2.544 

GHz. Based on the results of fitting method, the values of S1 

and S2 are -16.10 and -29.88. respectively. The relationship 

between the intercept I1 and the moisture Mc in Fig. 13(a) and 

the relationship between the intercept I2 and the moisture Mc in 

Fig. 13(b) are determined by fitting method which are 

1 c220.35 49.22I M= − +                           (7) 

2 c214.66 135.37I M= − +                          (8) 

The measured phase shift θ1 and θ2 are   

1 1 c 1 c c16.10 220.35 49.22S S I S M =  + = −  − +      (9) 

2 2 c 2 c c29.88 214.66 135.37S S I S M =  + = −  − +   (10) 

Therefore  

1 c

c 1 1 c

220.35 49.22
( , )

16.10

M
S f M




− − +
= =           (11) 

2 c

c 2 2 c

214.66 135.37
( , )

29.88

M
S f M




− − +
= =          (12) 

Then the new parameter Q is determined based on equations (4), 

(11) and (12). 

The process described above is an experimental calibration 

of the sensor over the expected moisture range. It is a simple 

and effective approach to obtain the accurate relationships 

between the outputs of a new sensor system and the measured 

parameters, thereby ensuring its effectiveness in practical 

deployment. The moisture range was set from 0% to 6%, 

considering the moisture variations typically encountered 

during the pneumatic conveying of coal powder in blast 

furnaces. After building these relationships, experiments were 

carried out with different solid concentrations under different 

moisture contents to verify the effectiveness of the proposed 

method. In the process of decoupling method, for each selected 

moisture content which is the possible value of true moisture 

content, based on the measured θ1 and θ2 values, the solid 
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concentrations are calculated using equations (11) and (12). 

Then, the Q values corresponding to each selected moisture 

content are calculated. Since under each moisture content 

condition, we carry out experiments including many flow 

conditions with different solid concentrations, we calculate the 

average Q values of all flow conditions under a fixed moisture 

content and present the results in Fig. 14. The results of Fig. 14 

demonstrate that the Q value reaches its minimum when the 

selected moisture content matches the true moisture content. 

Therefore, by calculating the Q values and finding the 

minimum Q value, the true moisture content is determined. 
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Fig. 14. (a) Q values with varying moisture content when the true moisture 

content is 0%. (b) Q values with varying moisture content when the true 

moisture content is 2%. (c) Q values with varying moisture content when the 

true moisture content is 4%. (d) Q values with varying moisture content when 

the true moisture content is 6%. 
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Fig. 15. Measurement errors of solid concentration at the working frequency of 

(a) 1.534 GHz. (b) 2.544 GHz. 

Accurate determination of moisture content is essential for 

measuring solid concentration, since the measured θ1 and θ2 

must be combined with the moisture content to obtain the solid 

concentration. Following the determination of solid 

concentrations, the measurement errors of solid concentration 

under different moisture content conditions at the working 

frequencies of 1.534 GHz and 2.544 GHz are shown in Fig. 15 

(a) and (b), respectively. It can be seen that the measurement 

results are satisfactory. Especially at the high working 

frequency of 2.544 GHz, the relative errors are concentrated 

within ±5%, which is smaller than those at the low working 

frequency, where errors range from -9% to 9%. This can be 

attributed to higher sensitivity and lower measurement 

uncertainty at the high working frequency, which contribute to 

more accurate solid concentration measurements. The solid 

concentration measurement results demonstrate that the 

proposed method can determine the unknown moisture content 

and eliminate the influence of moisture on solid concentration 

measurement. Finally, a satisfactory measurement accuracy of 

the solid concentration is obtained under the conditions of 

unknown and varying moisture content. 

V. CONCLUSION 

This study has proposed a dual-frequency microwave 

transmission sensor, comprising printed dipole antennas, and a 

novel decoupling method to achieve moisture independent 

measurement of solid concentration. Conclusions resulting 

from the investigations are summarized as follows. 

The dual-frequency phase shifts of the sensor are sensitive to 

both solid concentration and moisture content but are 

insensitive to the solid distribution. With a fixed moisture 

content, an increase in solid concentration results in a decrease 

in phase shift. For the same solid concentration, an increase in 

moisture content leads to a decrease in phase shift. Relying only 

on the measured phase shift at a single working frequency is 

inadequate to accurately measure solid concentration under the 

conditions of unknown and varying moisture content.  

By employing the proposed dual-frequency microwave 

transmission sensor and decoupling method, both moisture 

content and solid concentration are extracted from the 

measured dual-frequency phase shifts. The solid concentration 

measured at the high working frequency exhibits a lower 

relative error compared to that at the low frequency, and for the 

tested range of solid concentrations between 13.80% and 

73.47% and moisture contents from 0% to 6%, the relative error 

at the high frequency remains within ±5%. The proposed 

method exhibited good performance, being sensitive to solid 

concentration but insensitive to solid distribution. It showed 

good measurement reliability, and effectively eliminated the 

influence of moisture content, providing a novel approach for 

measuring solid concentration independently of moisture 

content. The proposed method can be generalized to other 

gas–solid systems with different solid materials, and one simple 

and effective approach is to perform an initial calibration of the 

sensor system using the target material to ensure accurate 

measurements, following the method described in this study. 

The application of the proposed method to different gas–solid 

systems with different solid distributions and parameter ranges 

will be considered in future research. 
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