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^Äëíê~ÅíK This paper describes several types of sensor use in measuring mass flow rate of solids 
flowing in pneumatic conveyors. Each sensor will applied different principle but most of them are 
able to achieve 10% homogeneity error. These sensor techniques include capacitance sensor, 
electrostatic sensor, microwave sensor, radiological sensor, combination of electrostatic and digital 
imaging sensor and others. The sensing filed designs need to be uniform, thus particles exist with-
in the sensing field will contribute equally to the flow signal. 
 

hÉóïçêÇëW Mass flow rate; sensor; pneumatic conveyor; measurement methods 
 

^Äëíê~âW Kertas kerja ini menjelaskan beberapa jenis penggunaan penderia untuk mengukur la-
ju aliran pepejal yang mengalir di penghantar pneumatik. Setiap penderia akan menggunakan 
prinsip yang berbeza tetapi kebanyakan darinya mampu mencapai kesilapan homogen sebanyak 
10%. Teknik-teknik ini termasuk penderia kapasitan, penderia elektrostatik, penderia gelombang 
mikro, penderia radiologi, kombinasi penderia elektrostatik dan digital imej dan lain-lain. Reka 
bentuk penderiaan harus seragam, maka zarah yang ada dalam kawasan penderiaan akan membe-
rikan hasil yang sama terhadap isyarat mengalir. 
 
h~í~=âìåÅáW Aliran pepeja; penderia; penghantar pneumatic; kaedah pengukuran 
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Mass flow rate is measured inside the pneumatic conveyor, which is a tool use for 
transportation of a wide variety of pulverized and granular materials. Non- invasive 
mass flow measurement has become rapidly important in process of increasing 
productivity and improved the quality of products as well as the efficiency of 
process [1]. Particle velocity and solids volumetric concentrations are the two im-
portance parameters that need to be measured simultaneously.  
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Most of the sensing technique that will be discussed throughout this paper was a 
type of non-invasive instrumentation systems. This is because; non-invasive in-
strumentation systems can be used for homogenous sensing field [1]. 
  Most of the sensing technique that will be discussed throughout this paper was 
a type of non-invasive instrumentation systems. This is because; non-invasive in-
strumentation systems can be used for homogenous sensing field [1]. 
  Capacitance sensor is one of the non-invasive instrumentation systems type. It 
is used to determine the component concentration at two-phase flows in the indus-
trial processes. This sensor can be found in two ways either in a single-pair elec-
trode system and an implementation of optimum design of strip-type. While for 
electrostatic sensor, it consists of three type of electrode geometry form. There are 
pin type, quarter ring type and full ring. Among three of them, full ring electrode 
will give the best homogeneity characteristic for the mass flow rate measurement 
  Some other researchers develop novel instrumentation system that uses a com-
bination of electrostatic and digital imaging sensor to measure the mass flow rate.  
The digital imaging system is able to measure particle size distribution and volu-
metric concentration of particles. While electrostatic velocity metering technology 
was possible to derive absolute mass flow rate. When combine these two systems 
along with absolute material density, it’s able to derive the mass flow rate.   
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The objective of this technical review paper is to explain and differentiate three 
methods used to measure the mass flow rate of randomly distributed solids flowing 
in pneumatic conveyors. It is recommended that a problem of highly inhomoge-
neous solids distribution and non-uniform velocity profile tends to happen over 
the pipe cross section. This is due to several factors such as the pipe orientation, 
measuring location and conveying air velocity. Thus, it is in the industry to develop 
system that can measure various flow parameters especially absolute mass flow rate 
of particles and particle size distribution on an on-line continuous basis.  
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To assess the homogeneity of a particular type of sensor and to compare different 
types, a parameter known as homogeneity error is introduced, which is defined as: 

 

      
er =

∆Smax

Save                                        (1) 

  Based on Equation 1, it is obtained approximately 10% of homogeneity error.  
There are two ways to implement an optimum design of strip-type capacitance 
sensor which are by optimum it sensitivity distribution and pipe wall permittivity. 
An optimum sensitivity distribution can be achieved using very thick pipe wall. 
The sensitivity distribution may higher closer to the electrodes compared to the 
center of the sensing area. In order to maintain its optimum sensitivity, some prob-
lem may occur as the sensor is not suitable for applications to large pipe sizes such 
as those used by coal-fired power station. As for get an optimum pipe wall permit-
tivity; a material with low permittivity should be used. But this entire characteristic 
depends on conveying air pressure, pipeline temperature, corrosion and abrasion 
of the fluid. 
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Electrostatic sensor working principle is based on three principles which are the 
collision between particles, impact between particles and pipe wall as well as fric-
tion between particles and air stream [1][3][4]. As shown in the figure, ratio of the 
axial width to the diameter (W/D) is a dominant parameter influencing the homo-
geneity of the sensor. Poor repeatability may occur in the measurement of particle 
velocity if an excessive increase in W/D which may cause significant spatial filter-
ing effects on the flow signals. 
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cáÖìêÉ=O Electrostatic sensor [1] 

 
  It is difficult to interpret the data in terms of absolute value of solids concentra-
tion as the charge signal derived from the sensor depend on the particle size, mois-
ture content and conveying air velocity [5][6]. Thus, to solve this problem a pair of 
electrostatic sensor is used in combination with a capacitance sensor for solids 
concentration measurement. 
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This sensor is figured out as a section of cylindrical dielectric material covered 
with conducting metallic pipe can form a microwave cavity resonator [1]. This sen-
sor used an approach of analysis the electric field intensity within the cavity. Based 
on this structured, homogeneity of the sensor depends upon the ratio of R2/R1. 
The more thickly the pipe wall, the more uniform distribution it makes.  At R2 = 
2.5R1, its achieved 10% homogeneity error. 
 



RQ====================eboifk^I=^hj^i=e^v^qf=C=klo=p^o^a^qri=^hj^o
=

 

 
cáÖìêÉ=P Microwave Sensor [1] 
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Ionizing radiation in the form of gamma – rays or x-rays had been used as a 
method for radiological sensors [1].  The whole system is based on thing that the 
further the point source is located away from the pipe section, the weaker is the 
field. Thus, it can achieved more uniform sensitivity distribution.  By using 
radiological sensor, its achieved 10% of homogeneity when L/D = 10. 
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A pair of strip sources situated in the same plane generates two mutually perpen-
dicular sets of parallel radiation beams interrogating the entire pipe cross section 
[7]. The use of this method can minimizes geometrical error as well as can ac-
commodate a wide range of velocity and concentration profiles. 
  An attenuation data were provided when the transmitted beams detected by a 
multi-element photo-diode array. Tests are done on several locations in a pneu-
matic conveyor samples. Each location gives different effect to the value of mass 
flow rate. 
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cáÖìêÉ=Q Proposed Radiometric system employing parallel beam geometry [7] 
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For evaluation purposes, a small flow loop has been set up. This loop is approx-
imately six meters in total length and used 40 mm ID pipe [8]. Vibratory feeder 
introduces material that controlled accurately to adjust mass flow rate and suction 
fan is used to draw the material through the rig. The power of suction fan is ad-
justable, allow for varying material velocities. 
  First experiment was performed using table salt as a test material. The results 
recorded at four different solids concentrations, velocity of 20 m/s and it is shown 
in Figure 5. 
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cáÖìêÉ=R On-Line particle size distribution at four solids concentration [8] 

 
  A second experiment is to compare on-line results with the accepted off-line 
laser diffraction based size analyzer. Both system take ‘in-flight’ particle measure-
ment. From figure 6 shows that the imaging result represents a mean of the results 
in figure 5. 

 

 
Figure 6 Comparison between off-line laser diffraction and on-line imaging result [8] 

 
  Therefore, it shows that the discrepancies between the two methods are no 
greater than ±2.5% and in conclusion imaging sensor is suitable for the imaging 
size measurement. 
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For repeatability of the size measurement, five experiments is perform using ma-
terial from same batch and normalized standard deviation results established and 
similar procedure was performed with laser diffraction system for the comparison. 
Results show that standard deviations seem high and assumed that fundamental 
repeatability the instruments are swamped by the variations in material. The imag-
ing sensor gives better results in the lower size ranges. With the imaging approach, 
the difference between measurement techniques may explain the lower deviations 
in small size ranges. 

 

 
cáÖìêÉ=T Repeatability of on-line imaging compared to laser diffraction [8] 

 

  For the measurement of mass flow rate, total of 16 experimental runs were 
performed at four flow rates and four velocities. Problems occur that the same 
flow rates could not be established at each velocity. The 3 graph is form due to this 
experiment that is showed in Figure 8, Figure 9 and Figure 10. 
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cáÖìêÉ=U Comparison between measured actual mass flow rates [8] 

 

 
cáÖìêÉ=V Relative errors of mass flow measurement [8] 
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cáÖìêÉ=NM Relative errors of mass flow measurement versus solids concentration [8] 
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Based on the difference sensing method applied, difference outcome might obtain 
via several experiments done by previous researchers. To compare the arrange-
ment of all sensors, none of them will give the perfect results.=
  For the combination of electrostatic sensor and digital imaging sensor, there are 
list of result that need to analyze. Figure 7 show the great linearity and the velocity 
point is higher demonstrated that errors are no greater than ±6%.  However Figure 
8 shows that errors increase with mass flow rate while in Figure 9 can be seen 
clearly that error tends to increase with velocity when the concentration constant. 
As the result this can attribute to fluctuations in the correlation velocity data highly 
repeatable deviate from the true spatially averaged velocity. Therefore this useful 
mass flow measurement has been achieved in an on-line non-intrusive manner [8]. 
  For radiometric sensor, every location in the experiment will give different re-
sult in the mass flow measurement. Table 1 shown the summary of results expe-
riment. 
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q~ÄäÉ=N Summary results of radiometric sensor [7] 

 
pÉåëçê=
äçÅ~íáçå=
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ëìéÉêÑáÅá~ä=
~áê=îÉäçÅáíó==

jÉ~ëìêÉÇ=
ã~ëë= Ñäçï=
ê~íÉ=

j~ëë= Ñäçï=
ê~íÉ= Ñêçã=
äç~Ç=ÅÉääë=

A X 6.2±0.4 23.9~25.0 - 0.95 
Y 6.4±0.3 23.3~24.6 - 0.96 

B X 3.0±0.2 23.9~25.0 0.74±0.05 1.00 
Y 3.8±0.2 23.3~24.6 0.74±0.05 0.98 

C X 1.2±0.1 27.1~28.3 - 0.95 
Y 1.1±0.1 27.6~28.9 - 0.95 

D X 2.5±0.1 27.1~29.1 0.82±0.05 0.92 
Y 2.3±0.1 27.3~29.4 0.95±0.05 0.96 

 

 
From the table 1, solid fraction measured is depending on the distribution of the 
solids within the pipeline of the sensing location. The lower error in calculating 
mass flow rate occurred at location B and D due to the high velocity. The best 
location due to measuring the mass flow rate is in location D. the measurement 
error in mass flow rate is reduce due to the higher phase velocity and distribution 
of the more dispersed flow regime. The very low error measured in location D 
that is 1% [7]. 
  From this three results obtain, found that the lower error when measured the 
mass flow rate is radiometric sensor at location D that is 1%. Follow by combina-
tion of electrostatic and digital imaging sensor that is ±6% and for capacitance sen-
sor is 10%. From the value of velocity, for radiometric sensor the error tend to 
decrease with the higher velocity. However for the combination sensor, the higher 
velocity tends to increase the error. 
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In conclusion, between these three types of sensor, the most sensor that is suitable 
for measuring the mass flow rate is combination of electrostatic sensor and digital 
imaging sensor.  This is because the results obtain is refer to the industrial setting 
and ISO13320. Although the error values for this type of sensor is higher compare 
to the radiometric sensor, this combination sensor gives good result and produced 
a level of accuracy that is acceptable in industrial setting. 
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