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The Static Electrification of Particles in 
Gas-Solids Pipe Flow 

Electrostatic characteristics in gas-solids flow in a metal pipe are studied 
both theoretically and experimentally with particular attention to the colli- 
sion between particles and pipe wall. Effects of gas velocity and particle 
diameter on the electrification are also examined. 

HlROAKl MASUDA 
TAKAHIRO KOMATSU 

and 
KOlCHl IINOYA 

Kyoto University 
Kyoto, Japan 

SCOPE 
Static electrification of particles takes place in various 

kinds of powder handling processes. The charge on par- 
ticles affect the electrostatic and hydrodynamic behavior 
of particles. During gas-solids pipe flow, particles are 
charged through their collisions with the pipe wall (Cole 
et al., 1969). The charge is usually small, and the force 
generated by the charge is always directed to the wall. 
When the pipe is long, the charge affects the radial con- 
centration profile of dust in the pipe as well as particle 
deposition on the wall (Strom, 1972). Neutralization of 
charge at the pipe inlet does not suffice to eliminate the 
charge effect because electrification occurs in the pipe. 
Electrification may also cause dust explosions. Thus it is 
important to predict the charge on particles. 

Difficulty in evaluating this charge arises from the fact 
that electrostatic and hydrodynamic effects take place 
simultaneously. Electrostatic effects are usually smaller 
than the hydrodynamic ones in short pipes, and direct 

measurement of the charge on a particle in the test sec- 
tion is extremely difficult. 

Under these circumstances, the theoretical estimate of 
the charge is desirable. There is little previous work on 
such electrification; the study by Cole et  al. (1969) is 
probably the most relevant. 

In the present work, the collisions of particles with the 
wall were studied experimentally, and several collisional 
parameters, such as the number of collisions per unit 
area and unit time, and the area of contact have been 
obtained. In addition, steel pipes held between two vinyl 
chloride flanges were inserted in a pneumatic conveyor 
line, and the currents generated on the pipes were mea- 
sured for several kinds of powder. From these data a re- 
lationship between the experimentally obtained collision 
characteristics and the electrification of particles was in- 
ferred. The effects of air velocity and particle diameter 
on electrification are presented. 

CONCLUSIONS AND SIGNIFICANCE 
The static electrification of a dilute suspension of fine 

solid particles in a flowing gas is due to contact electrifica- 
tion caused by collisions between particles and the pipe 
wall. The theory developed by Cole et al. (1969) has 
been modified in light of the experimental results. The 
collision characteristics such as contact area, number of 

collisions per unit time and unit area, and duration of 
contact were examined by photomicrographs of scars 
caused by the impact of particles on a plastic film cover- 
ing the inside wall of test section. It is shown that theoret- 
ical contact area varies with the type of collision (eIastic 
or inelastic). 

Page 558 May, 1976 AlChE Journal (Vol. 22, No. 3) 



The currents generated on the wall were measured for 
flour, vinyl chloride powder, glass beads, eight grades of 
quartz sand with particle diameter ranging from 14 to 330 
pm, and eight grades of morundum particles ranging from 
50 to 760pm. From the results, it was found that the cur- 
rent was approximately proportional to the mean air vel- 
ocity to the power 1.4 when the contact seemed to be 

elastic and to the power 1.9 when €he contact was in- 
elastic. The experimental results reveal that contact is 
generally inelastic. It was also found that the current was 
inversely proportional to the mean particle diameter. 

These experiments covered mean air velocities in the 
range 10 to 30 m/s and mean particle diameters between 
10 and 1 OOOpm. 

THEORETICAL BACKGROUND 

The electrification of particles may be brought about 
by charge transfer driven by effective contact potential 
(Cole et al., 1969). The mechanism of the charge transfer 
when metals or semiconductors are placed in contact has 
been explained (Shaw, 1962; Vick, 1953). On the other 
hand, the contact between two materials when one is an 
insulator has not yet been adequately explained, However, 
if only slight impurity is introduced in the insulator, it 
becornes a semiconductor and can be charged. This also 
applies when the impurity is confined to the surface of 
the insulator. Particles are usually more or less contami- 
nated, and particles suspended in a flowing gas are gen- 
erally semiconductors, in this sense, and can be charged. 

At the moment of collision, deformation of the particle 
or the wall is expected. Charge transfer between the 
materials proceeds in the very short time of collision. 
Subsequently, the particle and the wall are rapidly sep- 
arated, leaving the charges on their surfaces. The state of 
contact is represented by a parallel plate condenser with 
a gap of a few Angstrom units (Krupp, 1967) or by the 
contact transition region (Sze, 1969). In each case, con- 
tact may be modeled by an electric circuit containing an 
electric cell, an internal resistance, and a parallel plate 
condenser. The condenser is charged to the contact po- 
tential difference V,. The relaxation time T of the charging 
is the product of the internal resistance R and the capaci- 
tance C. Contact ceases after a time At, and charging is 
brought to an end. Particles are charged and create an 
electric field. The field force causes leakage of charges 
from the particles to the wall. The charge of a particle is 
further reduced by the image charge in the wall. Follow- 
ing the development by Cole et al. (1969), its charge 
on unit mass of particles is given by 

At an effective flow length x, a pipe of length of Ax gen- 
erates an electric current, the sign being opposite to that 
of the charges on the particles. From Equation (1) its 
absolute value is given by 

where (q /mp) .  is the initial charge per unit mass of par- 
ticles, and no, the relaxation number, is given by 

The maximum possible charge is 

l+-m- 
4 ppDpti 

In the discussion section, it will be shown that (q/mp),, 
<< (q /mp)m and n ( x )  << no, n(&) << no. Therefore, 
Equation ( 2 )  simplifies to 

Finally, substitution of Equations (3) and (4) into Equa- 
tion (5)  with T >> At gives 

We,IV,lAxAtS A n  
(6) ]Iml = .- 

mpzor Ax 

In this equation, An/Ax must be evaluated at x. 
The relaxation time T and duration of contact At ap- 

pearing in Equation (3)  were not introduced in the pre- 
vious work (Cole et al., 1969). However, the factor 
(1 - epAtIT)  will greatly alter the relaxation number no. 
As a consequence, a particle would require many more 
collisions than shown by Cole's theory. This result is sup- 
ported by the experimental work of Masuda et al. (1974). 
Neither the contact area S nor the number of collisions of 
a particle per unit length of the pipe, An, have previously 
been measured. These problems will be dealt with in the 
following sections. 

EXPERIMENTAL APPARATUS AND PROCEDURES 
In this experiment, a pneumatic conveyor line is operated 

under suction (Figure 1). A 5 cm steel section 15 cm long is 
used as the measuring element in the conveyor line. Both ends 
of this section are insulated with vinyl chloride flanges. The 
current generated is measured by a galvanometer to which a 
2 000 pF condenser is connected in parallel in order to suppress 
fluctuations. The conveyor lines before and after the test sec- 
tion ale grounded at one point. The currents are measured at 

A.B,C Test section 

Bag filter 
Blower 

I 

Air 
A , Flow direction 

& -  

Fig. 1. Experimental setup. (Lengths are shown in millimeters. Test 
sections A, B, and C are insulated. A, C: horizontal, B :  vertical). 
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TABLE 1. PROPERTIES OF POWDER MATERXALS 

Pig. Z. rhotomicrograph o t  scars on the tilm wall by particles. 

x i  04 
I 

$5 u 

!!=' 

&E! 

9 2  
w- 
old 

Ll@ 
E: 3 c  
2 3  

0: I& 2& 3;o 4& d o  d o  
Time elapsed t Esecl 

Fig. 3. Number of scars per unit ore0 as a function of time elapsed 
(position A). 

Mean air velocity Cmkl  
Fig. 4. Relation between M/W and the mean air velocity (quartz 

sand No. 8). 

three positions A, B (vertical), and C shown in Figure 1. 
These positions are selected to avoid flow disturbance caused 
by the pipe line inlet and the bends (Masuda et al., 1974). 
Experimental analysis of the collisions between the particles 
and the wall covered with a plastic film is also carried out. The 
plastic film is scratched by bouncing particles, and the scars 
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Materials 

Quartz sand 
Ultra fine ( 1)  

No.8 (2 )  
No.5 ( 3 )  

( 4 )  
( 5 )  
( 6 )  
(7) 
(8) 

( 1 )  
( 2 )  
( 3 )  
(4 )  
( 5 )  
(6 )  
(7) 
(8) 

Morundum 

Flour 
Vinyl chloride 

See Equation (22). 

Mass 
median 
diam. 

Dp50 [fiml 

16.8 
51 

440 
42 
62 
82 
94 

315 

58 
73 
93 

126 
180 
340 
515 
760 

57 
115 

Mean 
particle 
d i a m . O  
DP Cslml 
- 

14 
4 8  

329 
42 
62 
82 
94 

153 

50 
63 
93 

126 
180 
340 
515 
760 
37 

111 

Density 
pp[g/cms1 

2.65 
2.65 
2.65 
2.65 
2.65 
2.65 
2.65 
2.65 

3.99 
3.99 
3.99 
3.99 
3.99 
3.99 
3.99 
3.99 
1.44 
1.41 

are examined by photomicrographs. The photographic results 
were used to analyze the characteristics of the currents 
generated on the metal wall. Since the inertia of a particle is 
very large (inertia parameter: pPD&/18~rD = 4-12) and 
the charge increment of a particle colliding with the plastic 
film lining test section is very small (smaller than 4x10-* 
C/g),  the collision frequency is unlikely to be affected by the 
charge due to the short plastic section. 

Powder flow rates were measured by a direct weighing 
method. A calibrated diffuser and a Pitot tube were used to 
measure the air flow rate. Powders used in the experiments are 
listed in Table 1. 

NUMBER OF COLLISIONS 

Figure 2 shows an example of the photomicrographs of 
the scars made by the impact of quartz sand on the plas- 
tic film covering the inside wall. The number of scars per 
unit area, obtained by counting, is found to be directly 
proportional to the powder mass flow rate W. The increase 
of the number from the beginning of powder feeding is 
shown in Figure 3. After 200 s, the rate of increase is 
almost independent of the time, showing a stationary 
value M .  The value of the ratio M / W  is plotted vs. air 
velocity in Figure 4 and represented by the following 
equations: 

M = 18 co."W at position A (7) 

M = 13 u 09%' at position Ib (8) 

The units of M ,  z, and W are taken in [l/cm2 * s], [m/s], 
and [g/s], respectively. From the material balance of 
the particles, the average number of collisions of a parti- 
cle as it passes through unit pipe length An/Ax in Equa- 
tion ( 6 )  is 

18 mp,Du 0.51 

. 13 mp,Dz 0 9 3  

at position A 

at position B 
(9) i An/& = m,,?rDM/W = 

The possible causes of the difference between the M 
values obtained at positions A and B may be due to the 
effect of gravity (relative settling velocity: Dp2ppg/18ru* 
= 0.3 - 0.8) and/or the development of a radial con- 
centration profile of dust along the pipe due in part to 
the slight electrification of particles. 
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AREA OF CONTACT 

The dimensions of the scars are independent of the 
powder flow rate but dependent on the mean air velocity. 
The scar size distribution seems to have its origin in the 
particle size distribution, The mean widths 5 of the scars 
are represented by the following relationship as shown in 
Figure 5:  

5 = 1.2 i; 0.53 

where the unit of 5 is taken in micrometers. The area of 
contact Scan  be approximated by the square of the width 
and is nearly proportional to the mean air velocity. 

The collision may be analyzed theoretically to some 
extent, assuming that each particle is spherical with diam- 
eter Wp. Figure 6 shows the conditions at the moment of 
impact. The normal impulse FR and the work WR done 
by the impulse are obtained by using the equation of 
particle motion, which is derived from the impulse mo- 
mentum relations: 

and 

(10) 

FR = - (1 + e)q,uro (11) 

(12) 
1 
2 

W R  = - 'mpuro2 (1  - 8) 

If the incident angle is held constant, these equations with 
an additional proportional constant are also applicable 
for a nonspherical particle (Powell and Quince, 1972). 
In the case of an elastic collision, from Hertz's theory 
(Timoshenko, 1930), the contact area is given by 

-FR w p  2f3 
s = O . , h (  - -) 

2AT E 

where the modulus E is represented by the following 
equation with Young's moduli El for the particle and Ez 
for the wall: 

By substituting Equation (11) into Equation (13), the 
following equation is obtained: 

If inelastic deformation occurs during the impact, W R  
= PV (Powell and Quince, 1972), where P denotes the 
constant yield pressure, and V is the deformed volume 
given by 

D9 

d being the depth. The contact area S is 

which can be derived from Equations (12), (IS), and 
the relation WR = PV. 

From the above analysis, it is found that the area S 
is proportional to ( z i , , /AT)  2/3 for elastic deformation but 
to zi,, for inelastic.* The experimental area of contact is 

(I It may be assumed that uro is proportional to (Vollheim, 1971). 
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Mean air velocity CiCrnlsl 

Fig. 5. Mean width of scars (quartz sand No. 8). 

Fig. 6. Impact between a spherical pcrrticle and o wall. 

7 10 20 30 
Mean air velocity CiCm/sJ 

Fig. 7. Mean length of scars (quortz sand No. 8). 

approximately proportional to the mean air velocity as 
already mentioned in this section. This fact suggests that 
the deformation is inelastic when quartz sand hits a soft 
plastic wall, as would be intuitively expected. 
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Fig. 8. Generated current as a function of the mean air velocity. 

DURATION OF CONTACT 

The experimentally obtained contact lengths are inde- 
pendent of the powder flow rate at constant air velocity. 
The experimental relation between the mean values 2- [pm] 
and air velocity u [m/s] is 

This is shown by the solid line in Figure 7. 
The mean length of the scars exceeds the i:orresponding 

width. This suggests sliding of the particle. Though the 
sliding velocity could not be measured in this experi- 
ment, it is assumed that the velocity is proportional to 
the mean air velocity u. The duration of contact At is 
then proportional to u-O.l2. This result may be qualita- 
tively applicable to collision between particles and the 
metal wall as far as the contact is expected to be inelastic. 

GENERATED ELECTRIC CURRENT 

It  was confirmed that the current generated was directly 
proportional to the powder flow rate. Thi3 relationship 
holds regardless of the position A, B, or C, and the 
powder used. However, the relation of current to mean 
air velocity depends on the position, as do the number 
of collisions shown in Figure 4. This suggests corre- 
spondence between the collision data and the currents 
generated. 

If the experimental results on the number of collisions, 
area of contact, and duration of contact are substituted 
into Equation (6), the following equations are obtained 
for quartz sand No. 8: 

/Irn] = 29 K G1.5W at position A (19) 

] Irn]  = 21 K Z  '.9W at position B (20) 
where 

K and A are dimensionless constants for the correction of 
area of contact and duration of contact, respectively. If 
the numerical K value is assumed to be 5.6 x at 
position A and 3.2 x at position B, the results cal- 
culated by Equations (19) and (20) are in good agree- 
ment with the experimental data on the electric current as 
shown in Figure 8. From the preceding theoretical de- 
velopment, the K values at A and B should be the same. 
The main cause of the error seems to be the differences in 
flow condition between the electric current experiment and 
the corresponding collision experiment. However, the 
power dependence supports the theoretical Equation (6) 
precisely because it is different at each test section. 

The currents generated on the wall at positions B and 
C are proportional to the 1.7 to 1.9 power of the mean 
air velocity for all kinds of powders except morundum 
(aluminous abrasive which is an extraordinarily hard ma- 
terial). These results agree qualitatively with inelastic 
deformation theory. On the other hand, the data for 
morundum are proportional to the 1.3 to 1.5 power of 
the mean air velocity. This result agrees qua1 itatively with 
elastic deformation theory. 

The experimental relationship between the current gen- 
erated and the mean particle diameter was studied for 
eight quartz sands with diameters ranging from 14 to 330 
pm and eight grades of morundum with diameters rang- 
ing from 50 to 760 pm. As the tests were repeated, the 
large particles became smaller so that the mean particle 
diameters gradually changed. Particle size distributions f 
were sometimes measured during the tests, and the mean 
particle diameters were calculated by the following equa- 
tion (Masuda and Iinoya, 1972) : 
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Figure 9 shows the experimental relationship between 
the current generated per unit mass flow rate of powder, 
that .is, the charge increment of powder per unit mass, and 
the mean particle diameter. The figure shows that the 
charge increment is inversely proportional to the mean 
particle diameter. Cole et al. (1969) show theoretically 
that the maximum possible charge on a particle q. is 
proportional to Dp2 to Dp3, which means (q/mp). is pro- 
portional to D,-l to DP0. This relationship can also be 
shown by Equation (4) .  The second term of the denomi- 
nator in Equation (4)  is negligibly small for the experi- 
mental condition; hence (q/mp).  is proportional to DP-l. 
If ni:Ax)/n,  in Equation (5)  is independent of particle 
size, the current 1, is inversely proportional to mean 
particle diameter. To confirm this, further investigation 
of the number of collisions n will be undertaken. The 
experimental results on the current 1, can be expressed as 

(23) 

where the constants B and y depend on the properties 
of the particles and of the pipe wall and position. Table 2 
shows the constants determined by experiment at position 
B. At position C, the constant y has about half the value 
listed in Table 2. 

DISCUSSION 

The experimental results support the contact electrifica- 
tion theory [Equation (S)].  The assumptions needed to 
establish the theory will now be discussed. 

The first assumption is that the initial charge I (q/mp).I 
is much smaller than the maximum possible charge 
I(q/m,)*/. To confirm this, the charge on particles leav- 
ing the feeder was measured by means of a Faraday cage. 
It was found that the initial charge amounted, at the most, 
to that generated by flow through 15 to 30 cm of pipe, a 
distance considerably smaller than the total length of flow. 
This result justifies the first assumption. 

The second assumption is that n ( x )  and n ( A x )  are 
much smaller than no. To confirm this, the current I1,I 
generated on a test section of 15 cm length was measured 
at different flow lengths x from the inlet. The results, 
which were reported previously (Masuda et al., 1974), 
showed that current did not decrease with increasing x 
for the experimentally used flow lengths. Equation (2)  
shows that the current II,] will decrease with x when the 
value of n ( x )  is approximately equal to or greater than 
no. Since this decrease was not seen experimentally, the 
value of n ( x )  must be considerably smaller than no. If 
n ( x )  is much smaller than no, n(Ax) must also be smaller. 

The third assumption is that the relaxation time T is 
much larger than the duration of contact At. 

The value of T was not measured experimentally, but 
an estimate of its magnitude can be based on the two al- 
ternative theories of the state of contact of a particle and 
the wall (Krupp, 1967; Sze, 1969). 

Assuming there is a gap of a few Angstrom units be- 
tween a particle and the wall (Krupp, 1967), the value 
of T is larger than that estimated by assuming a contact 
transition region (Sze, 1969). Therefore, it is sufficient 
to estimate the value for the latter case. 

Then, T may be estimated from 

T = RC = P E  

If a typical value of 5 x c0 is assumed for E ,  and 
specific resistance p is taken as 1013 a cm, Equation (24) 
gives T = 4.5 s. 

s, 

(24) 

Since duration of contact At is approximately 

E i  1 I I I I 

quartz sand 
Position B O O = 3 0 m k  

A 20 
a 15 
v 10 

morundum 

70 2 5 102 2 5 103 - 
Mean particle size DpCpm3 

Fig. 9. Effect of the mean particle size on the generated current. 

TABLE 2. CONSTANTS IN EQUATION (23)," VERTICAL POSITION 

Materials Y B 
Quartz sand + 0.3 1.9 
Vinyl chloride -0.91 1.9 
Morundum -2.0 1.4 
Flour -2.5 1.9 

* 2, [nAl, ?;[m/sl, bs[~ml, W[g/~l .  

the assumption T >> At will hold for either theory. 
While the transition region approach seems more realis- 

tic, further experiments are necessary to clarify this point. 

NOTATION 

b = width of scar 
C = electric capacitance 
D 
D, = particle diameter 
d 
e = coefficient of restitution 
E = Young's modulus 
f = frequency distribution of particle size (pm-1) 
F R  = normal component of the impulse by particle mo- 

I ,  = current generated on an insulated section of 

K 
2 = length oE scar 

= inside diameter of pipe 

= depth of deformed region 

tion 

length Ax 
= constant defined by Equation (21) 

m = solids-air mass flow ratio (= W/- Q D z p Z )  
4 

m, 
M 

N 

= mass of a particle 
= rate of increase of the number of collisions per 

= number of collisions per unit area 
unit area in the steady state = d N / d t  
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n ( x )  = number of collisions of a particle 
n (Ax) = number of collisions of a particle between x and 

no = relaxation number of collisions when n ( x )  = n, 
P = constant yield pressure 
q 
(q/mp). = initial charge per unit mass of particles at 

(q/m,), = maximum possible charge per unit mass of 
particles at x = co 

R = internal resistance 
S = area of contact 

% + A X  

41% = 0.632 { ( q / m P ) m  - ( q / m P ) o )  

= charge on a particle 

x = o  

A t  

U 
AT 

U* 
V 

. 
Vro 

V 
vc 
W 
W R  
X 

20 

= duration of contact 
= time required for deformation 
= air velocity 
= friction velocity 
= axial component of particle velocity 
= radial component of particle velocity 
= radial component of particle velocity 

= deformed volume 
= contact potential difference 
= powder mass flow rate 
= work done by normal impulse 
= flow length from inlet ( x  = o )  
= gap between contact bodies 

impact 
just before 

Greek Letters 

/3 
y 
6 

eo = dielectric constant of air, 8.85 X F/m 
K 

X 
p = viscosity of air 

= constant in Equation (23) 
= constant in Equation (23) 
= dielectric constant of a particle 

= constant in Equation (21) 
= constant in Equation (21) 

p 
pa = density of air 
pp = density of particle 
7 

Superscript - = meanvalue 

= specific resistance of particle 

= relaxation time (= RC) 
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The Steady and Unsteady State Analysis 
of a Simple Gas Centrifuge 

The operating theory of the gas centrifuge is developed under both 
steady and unsteady state behavior. I t  is shown that countercurrent flow 
patterns in a gas centrifuge enhance the possible separation. The effect of 
self-diffusion of the gaseous mixtures is shown to be significant with low 
molecular weight gases but of less significance with heavy gases such as 
uranium isotopes. The time required to develop steady state pressure and 
concentration profiles is in the order of minutes, even with no net flow 
to and from the machine. 

STEVEN R. AUVIL 
and 

BRUCE W. WlLKlNSON 
Department of Chemical Engineering 

Michigan State University 
East Lansing, Michigan 48824 

SCOPE 
The gas centrifuge as a processing tool has not been 

widely studied, Its principal application to date has been 
in the field of isotope separation. The elementary theory 
of various gas centrifuge types has been reported in the 
literature to the point where a countercurrent centrifuge 
appears to be the most useful type. The analysis of flow 

Correspondence concerning this paper should be addressed to Bruce 
W. Wilkinson. Steven R. Auvil is with Monsanto Company, St. Louis, 

patterns within such a separator and the evaluation of 
the optimal magnitude of flows has not been reported. 
Furthermore, the times required to achieve a fully de- 
veloped flow pattern have not been considered, even 
though the flow characteristics and transient times become 
very important in the design of a gas centrifuge. These 
factors play an important part in the potential application 
of the gas centrifuge to the processing of low molecular 
gases, where the self-diffusion is large. Missouri. 
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