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Abstract – A new measuring method of powder flow rate in gas-solids pipe flow was developed 

and investigated both theoretically and experimentally. The method is based on the static 

electrification of particles by their impaction on the inside wall. The powder flow rate was 

successfully calculated by use of the electric currents generated from the wall to the ground. It was 

found that the effect of initial charge of particles on the measurement could be eliminated by using 

two metallic pipes whose inner-surfaces were coated with different materials. It was also found that 

the powder flow rate and the mean particle charge could be measured simultaneously. 

 

 

NOMENCLATURE 

a constant defined by Eq.(9) (–) 

b constant  defined by Eq.(10) (C kg-1) 

c constant defined by Eq.(16) (kg C-1) 

Di

 

inside diameter of a pipe (m) 

Dp

 

particle diameter (m) 

d constant  defined by Eq.(17)  (kg C-1) 

I  electric current (A) 

Ir electric current for constant (q/mp)0 (A) 

L length of a current detecting pipe (m) 

m powder to air mass flow ratio (–) 

n (x) number of collisions of a particle (–) 



n (x) number of collisions of a particle between x and x +x (–) 

n0  relaxation number of collisions defined by Eq.(7) (–) 

q particle charge (C) 

(q/mp)1, (q/mp)0 initial charge per unit mass of particles (C kg-1) 

(q/mp) ∞

 

maximum possible charge per unit mass at x=∞ defined by Eq.(6) (C kg-1) 

S  contact area between a particle and a wall (m2) 

Δt  duration of contact (s) 

u  average air velocity (m s-1) 

V  potential difference (V) 

Vb

 

potential difference affected by space charge (V) 

Vc

 

contact potential difference (V) 

Ve

 

potential difference affected by image charge (V) 

v   average particle velocity (m s-1) 

x effective flow length from inlet (m) 

Δx  length of a pipe (m) 

Wp powder flow rate (kg s-1) 

z0

 

gap between contact bodies (m) 

Greek

 

ε0

 

dielectric constant of air (F m-1) 

ρ air density (kg m-3) 

ρp  particle density (kg m-3) 

τ  relaxation time (s) 

ϕ work function (V) 

ψ relative humidity (–) 

Subscripts 

0 first detecting pipe 

1 second detecting pipe 

 

 



1. INTRODUCTION 

 

On-line measurement of powder flow rate has been desired in order to control the powder 

handling processes. The methods, now available, are classified into three categories: (i) differential 

pressure methods, (ii) electrical methods, and (iii) statistical methods [1]. A powder flowmeter 

should have high accuracy and good repeatability without obstructing the aerosol flow. In particular, 

it is desired to be adapted to dilute suspension of fine particles. The electrical method based on the 

particle electrification is seemed to be suitable to such an aerosol process. 

The electrical method is based on the fact that the charge transfer in dilute suspension flow is 

proportional to the powder flow rate [2]. However, the electrical method has some problems; the 

charge transfer depends both on the initial charge of particles and the electrostatic property of 

materials [2]. The effect of the initial charge on the charge transfer was confirmed experimentally 

with a larger particle of millimeter size [3]. In the present study, we have investigated the static 

electrification of fine aerosol particles and developed a new electrical method for measuring 

powder flow rate in gas-solids pipe flow. 

 

 

2. THEORY OF STATIC ELECTRIFICATION OF PARTICLES  

 

The electrification in aerosol processes is caused by contact or impact between particles and the 

inside wall of equipment. If an aerosol particle strikes the metallic wall, the particle and the wall 

acquire electric charges of opposite polarity but equal amount. The driving force of the charge 

transfer is the potential difference V between contact bodies, which depends on the contact potential 

difference Vc , image charge effect Ve, and space charge effect Vb [4]; 

  V = V c – Ve – Vb (1)
 

Assuming the spherical particle of diameter Dp, the image charge effect Ve in Eq.(1) is given by 

[2,4]: 



  
V e =

2 q z 0

 0 Dp
2 (2)

 

where q is the charge of the particle, z0 the gap between the contact bodies, and ε0 the dielectric 

constant of air.   Further, assuming that aerosol particles are uniformly distributed in the pipe, the 

space charge effect Vb in Eq. (1) is obtained as [2, 4]: 

  
V b =

q D i z0 m  u
4 mp 0 v

(3)

 

where Di is the inside diameter of the pipe, m the particle to air mass flow ratio, ρ is the air density, 

u the average air velocity, and v the average particle velocity. 

Applying a condenser model to the particle electrification in pipe flow, the charge transferred is 

represented by the following differential equation [2]: 

  dq
dn(x)

= 0
S V
z 0

1 – e– t/ (4)

 

where, n(x) is the cumulative number of collisions, S the contact area between the particle and the 

wall, Δt the duration of contact, and τ is the relaxation time. Charge transferred from the particle to 

the grounded metallic pipe is measured as an electric current. The electric current I generated from a 

pipe of length of Δx and effective flow length x can be derived from Eq. (4) as follows [2]: 

  I = Wp
q

mp 0
–

q
m p 

e – n(x) / n0 1 – e – n(x ) / n0

  

  
 Wp

q
m p 0

–
q
mp 

n(x)
n0

(5)

 

where 

  q
m p 

=
3 0 Vc

 p D p z 0 1 + 3
4

m
 D u
 p D p v

(6)

  

and 



  
n0 =

 D p
2

2 S 1 + 3
4

m
 D u
 p D p v

1 – e – t /

   

    

  


 D p
2

2 S 1 + 3
4

m
 D u
 p Dp v

t


(7)

 

Wp is the powder flow rate, (q/mp)0 the initial charge per unit mass of particles, (q/mp)∞

 

the 

maximum possible charge per unit mass of particles at x = ∞, n0 the relaxation number of collisions 

of a particle, and ρp the particle density.  

For dilute aerosol flow where the space charge effect is negligible, the following equation is 

derived from Eqs. (5)–(7): 

  I
Wp

= a
q

mp 0
+ b (8)

 

where 

  
a =

2 n(x) S t

 D p
2 

(9)

 

and 

  
b = –

6 0 V c n(x) S t

 D p
3  p z0 

(10)

 

 

3. EXPERIMENTAL APPARATUS AND PROCEDURES 

 

Fig. 1 shows the experimental apparatus for  studying the electrification of particles in 

gas-solids pipe flow. A table feeder (Sankyo Pio-tech Co., Ltd., MFOV-1) is used in order to get a 

constant flow-rate of fine powder. A narrow suction nozzle (outside diameter is 1 mm) was utilized 

to cut off a thin powder layer from the rotating table surface and a small amount of powder was 

evacuated continuously through the nozzle. The powder feed rate was adjusted by the rotating 



speed of the table. Then the powder was dispersed into an air stream through an ejector (Nihon 

Pisco Co., Ltd., VRL 50-080108) and fed into a current detector (see Table 1). Current data 

obtained by an electrometer were automatically sampled into a computer (10 data per second).   

Particle charges before and after the current detector were also measured by use of a Faraday cage.   

Test powders and experimental conditions are shown in Table 2. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Particle electrification in gas-solids pipe flow 

 

Fig. 2 shows the particle size distributions for aerosol particles before and after the current 

detecting pipe (0.8 m long), and particles fully dispersed in aqueous solution. The aerosol particle 

size distributions were measured with a cascade impactor (Andersen sampler), while the particles in 

aqueous solution were measured by a sedimentation method (Sedigraph 5000). It was shown that 

the powder was fully dispersed by the ejector, and little agglomerations occur in the current 

detecting pipe as these three particle size distributions were almost the same. Thus, it is supposed 

that each primary particle impacts to the inside wall of the current detecting pipe. 

Fig. 3(a) shows currents generated from the detecting pipe as a function of time elapsed. The 

background noise before powder feeding is small enough for the measurements. The generated 

current is almost constant (I = 2.3 nA) as long as the powder flow rate is kept constant (Wp = 

7.0×10-7 kg s-1. Fig. 3(b) shows cumulative charges both at the inlet and the outlet of the current 

detecting pipe as a function of time elapsed. The cumulative charge is proportional to the time 

elapsed showing the average charge of particles is nearly constant and also the powder flow rate is. 

The values of the charge per unit mass of particles at the inlet and the outlet are (q/mp)0 = 3.9×10-3 

C kg-1 and (q/mp)1 = 0.6×10-3 C kg-1, respectively. Namely, the particles give a positive charge to 

the current detecting pipe ((q/mp)0 – (q/mp)1 = 3.3×10-3 C kg-1). This value agrees with that of the 

current generated per unit powder flow rate (I/Wp = 3.3×10 -3 C kg-1). Fig. 4 shows the data of the 



relation between I/Wp and (q/mp)0 – (q/mp)1. I/Wp agreed with (q/mp)0 – (q/mp)1 within 10% error in 

the detecting system. 

 

4.2 Effect of initial charge on the current generated 

 

Experimental values of current I as a function of powder flow rate Wp are shown in Fig. 5.    

The data are widely scattered, though I tends to increase with increasing Wp. The scatter can be 

attributed to the variation in the initial charge of particles (1.0×10-3 < (q/mp)0 < 4.9×10-3 C kg-1) as 

described by Eq. (8). The experimental relation between I/Wp and (q/mp)0 is shown in Fig. 6, where 

the data are represented by the following equation with the standard deviation of 3.0×10-4 C kg-1. 

  I
Wp

= 0.851
q

mp 0
+ 3.3  10– 6 (11)

 

By use of Eq. (11), I can be transformed into Ir, the current expected when the initial charge (q/mp)0  

is kept constant at 3.0×10-3 C kg-1. Fig. 7 shows Ir as a function of the powder flow rate. As 

expected, Ir is proportional to Wp and the scatter of the values is much smaller than that in Fig. 5.   

Therefore, the electrical method seems to be well applied to the measurement of powder flow rate if 

the effect of the initial charge is eliminated. 

 

4.3  A new electrical method for the measurement of powder flow rate 

 

The use of a Faraday cage in an on-line system is undesirable and we present a new electrical 

method where the effect of the initial charge can be automatically eliminated without using a 

Faraday cage. The new electric current detecting system is shown in Fig. 8. The current detector has 

two metallic pipes with insulators for electrical isolation. The insulator between the pipes is very 

small in order to reduce the electrostatic noise, and the distance between the two pipes is less than 1 

mm. The current generated from each pipe is alternately sampled into a computer with a scanner 

controlled by the same computer. 



We discuss here the principle of this system. As described in Eq. (8), the current generated per 

unit powder flow rate from the first pipe and the second pipe (I0/Wp and I1/Wp) are respectively 

given by the following equations: 

  I0

Wp
= a0

q
m p 0

+ b 0 (12)

 

  I1

Wp
= a1

q
m p 1

+ b 1 (13)

 

where (q/mp)0 and (q/mp)1 are the initial charge per unit mass at the inlet of the first pipe and the 

second pipe, respectively. Since the charge at the outlet of the first pipe should be equal to the 

charge at the inlet of the second pipe, the following equation is obtained: 

  q
m p 0

–
q

mp 1
=

I0

Wp
(14)

 

From Eqs. (12) – (14), powder flow rate Wp is represented as follows: 

  Wp = c I0 + d I1 (15)
 

where  

  
c =

a0 – 1 a1

a0 b 1 – a1 b0
(16)

 

  d =
a0

a0 b1 – a1 b0
(17)

 

The constants c and d, which depend on the property of particle electrification in the two pipes, can 

be obtained experimentally beforehand. Therefore, powder flow rate Wp can be calculated from Eq. 

(15) based on the measured values I0 and I1. In Eqs. (16) and (17), the following equation should be 

satisfied. 

  b 0
a0


b1
a1

(18)

 

From Eqs. (9) and (10), b/a is represented by the following equation: 



  b
a = –

3 0 Vc

 p z0 D p
(19)

 

Each factor on the right-hand side of Eq. (19) is related to both electrical and physical properties.   

From Eq. (18), inside surface materials of the two pipes should be different each other. Further, it is 

desired that b0/a0 is greatly different from b1/a1 in order to reduce the experimental error. 

From Eqs. (12), (15)–(17), initial charge per unit mass (q/mp)0 is also derived as follows: 

 

  q
m p 0

=
b 1 – a1 b0 I0 – b0 I1

a1 a0 – 1 I0 + a0 I1
(20)

 

Eq. (20) describes that (q/mp)0

 

can be obtained simultaneously in this measuring system. 

In the experiment, we used two stainless pipes (Di = 0.006 m, L = 0.07 m): one is coated with 

Titanium nitride (TiN: work function ϕ = 2.92 eV [5]) and the other is coated with platinum (Pt: ϕ = 

5.64 eV [5]). Fig. 9 shows the currents generated by fly-ash No.10 as a function of time elapsed. 

The currents generated both from the TiN coated pipe and from the Pt coated pipe are almost 

constant after a few minutes elapsed, though periodic fluctuations are found. The time delay of the 

generated currents occurred in the first measurement [6], and the periodic fluctuations were found 

to be caused by the variation of powder flow rate according to the rotation of the table feeder: 3.4 

rpm in Fig. 9 (a) and 1.7 rpm in Fig. 9 (b). The facts also confirm that the measuring system has 

high sensitivity in detecting the small variation of powder flow rate. Fig. 10 shows the alternately 

measured currents from the TiN coated pipe and the Pt coated pipe. When current detected from 

one pipe is in measurement, the other pipe is grounded as shown in Fig. 8. The switching period is 

set at 1 s and current generated in the first period of 0.4 s is discarded so as to avoid the switching 

noise. The sign of the current generated from the TiN coated pipe is different from that of Pt coated 

pipe owing to the electrostatic property of the materials. 

Fig. 11 shows the current generated per unit powder flow rate I/Wp as a function of initial 

charge (q/mp) for TiN coated pipe and Pt coated pipe. In both cases, I/Wp are proportional to (q/mp) 

and are respectively represented by the following equations: 

  I
Wp

= 0.0882
q

mp 0
+ 5.2  10 5 : TiN coated pipe (21)

 



  I
Wp

= 0.219
q

mp 1
4.48  10 4 : Pt coated pipe (22)

 

The TiN coated pipe was utilized as the first detecting pipe and the Pt coated one as the second 

in the experiments. Eliminating (q/mp)0 and (q/mp)1 from Eqs. (15)–(17), (21), and (22), powder 

flow rate Wp is represented as follows: 

  Wp = 3.91 103 I0 1.73  103 I1 (23)
 

The calculated powder flow rates by use of Eq. (23), and the corresponding measured values 

obtained through a direct weighing are compared in Fig. 12 for fly-ash particles. The relative error 

between the calculated and the measured values are within 10%. On the other hand, the results for 

alumina powder are shown in Fig. 13. The polarity of the initial charge (q/mp)0 of the alumina 

powder was negative while the fly-ash positive. The relative error of the measurement is also within 

10% irrespective of the polarity. These experimental results show the possibility of on-line 

measurement of powder flow rate in gas-solid suspensions. 

The on-line measurement was also applied to get initial charge per unit mass (q/mp)0 from the 

results of alumina powder where (q/mp)0 are widely distributed (–0.005 to –0.014 C kg -1). From 

Eq. (20), (q/mp)0 was obtained simultaneously and shown in Fig. 14. It was found that the calculated 

values of (q/mp)0 agreed with the measured values within the standard deviation of 1.4×10-3 C kg-1. 

Therefore, this system is also applicable to the on-line measurement of the particle charge. 

 

 

5. CONCLUSION 

 

The on-line measurements of powder flow rate in gas-solids pipe flow were carried out by a 

new electrical method. The results obtained are summarized as follows: 

(1) Charge transferred per unit mass of particles is equal to the current generated per unit 

powder flow rate. 

(2) Current generated per unit powder flow rate is proportional to the initial charge per unit 

mass of particles. 



(3) Powder flow rate and particle charge can be simultaneously measured through on-line 

calculation based on the currents generated from two metallic pipes whose inner surface are coated 

with different materials. The relative error in the measurements is within 10%. 
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Figure 12.  Comparison between calculated powder 
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Figure 13.  Comparison between calculated powder  
                   flow rate and measured value 
                  (alumina)
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Figure 14.  Comparison between calculated initial charge per 
                   unit mass of particles and measured value   
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