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ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 
ELECTRICAL ENGINEERING DEPARTMENT 

Doctor of Philosophy 

ELECTROSTATIC HAZARDS ASSOCIATED WITH PNEUMATIC 
TRANSPORT AND STORAGE OF POWDERS 

by Vaihid Ebadat 

In recent years there have been many reports of dust explosions 

associated with industries handling particulate materials. A study 

has been undertaken to investigate the influence of various 

transporting parameters of a pneumatic conveying system on the 

tribo-electrification of powders. These parameters include powder 

transportation velocity, powder flow rate, space charge field of the 

powder passing through the pipes, particle size, resistivity and 

relative humidity. The specific charge is a linear function of the 

transport air velocity. The specific charge reaches a saturation 

level as the powder flow rate increases and falls at high powder 

flow rates. The saturation specific charge of powder particles is 

determined by a self generated space charge field during normal 

pneumatic conveying. The tribo-charging can hence be controlled by 

controlling the space charge field. 

Hazardous conditions may arise when the charged powder enters a 

storage silo as explosible dust concentrations can result and, with 

the presence of an ignition source, a risk of fire and explosion 

exists. It is generally accepted that dispersed flammable dust 

clouds may be ignited by discharges from electrostatically charged 

conducting objects. These discharges can however be excluded if 

grounded conductive equipment is used. The question 'Can a 

flammable powder be ignited by the charge accumulated on the powder 

itself, even if the powder is handled in earthed conductive 

installation?' is investigated. The magnitude and incendivity of 

discharges from the surface of bulked powder and the dust cloud to 

probes is studied It is possible to obtain incendive discharges 

which are capable of igniting a propane/air mixture with a minimum 

ignition energy of 0.25 mJ. The experimental results from a 

laboratory scale rig show that the largest probability of ignition 

of propane/air/nitrogen are defined for moderate streaming currents 

and specific charge densities. 
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CHAPTER 1 

INTRODOCTIOH 

1 1 Pneumatic Conveying - A Historical View 

Pneumatic conveying could have originated when man discovered 

that hollow stems were suitable for blowing poison darts. The 

Experimental Pneumatic Railway was built in 1864 at Crystal Palace 

using the principle of vacuum to move a carriage which had been 

fitted with a sealing diaphragm through a railway tunnel [Huggett 

(1987)]. Although the Experimental Pneumatic Railway was not a 

success, the idea has been pursued, and before 1890 there was 

sufficient knowledge for a dock silo to be built at Millwall on the 

Thames in London to receive grain from ships via four fixed towers, 

each containing a vacuum conveying system operating at 100 tonnes 

per hour. 

During the one hundred year history of the application of air 

principles, pneumatic conveying has become an essential tool in 

industry saving considerable manpower in laborious, dirty and 

dangerous operations. Pneumatic systems have a widespread 

application in many industries, for example, cement, minerals, 

power, chemicals, plastics, foodstuffs and waste handling 

industries. 

Some of the more significant events and developments in the 

pneumatic conveying industry are shown in Table 1.1. 

- 1 -



Table 1.1 Pneumatic Conveying Historical randmark* 

[Dixon (1981), Mason (1987), Stoess (1970)] 

1864 Experimental Pneumatic Railway was built at 

Crystal Palace. 

1910 Henry Simon installed a grain unloading system 

which was a combined tug and pneumatic grain 

discharging plant called "Garryowen II" with 

a capacity of 200 tonnes per hour by suction 

or 135 tonnes per hour by suction/blowing. 

1919 A fluid solids pump, known today as the Fuller 

Kinyon pump, was commercially installed. 

1920's Beginning of a theoretical approach to pneumatic 

conveying began and the black art became more 

of a science. 

Since 1945 The increasing productivity demanded higher 

conveying rates; larger factories and complexes 

led to longer conveying distances. 

Ship unloading rates have risen to over 500 

tonnes per hour. Investigations are in hand 

for 1000 tonnes per hour. 

21st Century Expert systems will have been developed to answer, 

quickly and economically, the question "What is 

the best storage, transport and control system 

for a particular bulk solids handling plant?" 
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1 2 Advantages of Pneumatic Conveying over Mechanical Conveyors 

Depending on the particular product, mechanical means are 

occasionally used and many comprise of belt conveyors, bucket 

elevators, screws or drag chain conveyors. However, mechanical 

transport systems are rather rare as they cannot offer the 

advantages of pneumatic conveying, which are as follows [Dixon 

(1981)]: 

a) Dust free operation from totally enclosed systems. 

b) Low maintenance costs and down time. 

c) Minimum product contamination. 

d) Routing flexibility. 

e) Ease of inerting. 

f) Automation. 

In many installations today the pneumatic conveyor has become 

a necessary and integrated link within a much larger material 

handling function. Often there will be a series of pneumatic 

conveyors forming a chain of events. This is illustrated in the 

system diagram, shown in abbreviated form in Figure 1.1, which is 

totally automatic. 

1-3 Pneumatic Convevina 

The most important features of any pneumatic conveyor are the 

methods of introducing the powder into the air stream and propelling 

the mixture of material and air down the conveying pipeline. 

Pneumatic conveying systems come in a number of types including: 

dilute phase, medium phase and dense phase systems. Each phase can 

be defined in terms of the mass flow ratio, which is the ratio of 

the mass of solids to the mass of conveying air. 

Dilute phase systems, which are the oldest form of pneumatic 

conveying, transport the material as discrete particles. The high 

velocities involved cause wear on the parts of the conveyor that are 

in contact with the material being conveyed. In addition, there is 

more attrition of the conveyed material in this class of conveying 

than in other systems [Plain (1972)]. 
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Medium phase systems operate at lower air velocities and 

correspondingly high solids loadings, and rely on efficient 

fluidisation of the material. As a result of fluidisation, the 

internal angle of friction decreases, thus less of the applied 

pressure is taken by the pipe walls and more is transmitted through 

the powder/air mixture. Medium phase conveyors are the most popular 

class of conveyor. Reduction in the angle of internal friction 

lessens the chances of blockage and allows longer conveying 

distances. 

The efficiency of pneumatic transport systems increases with 

increasing the mass flow ratio. Dense phase conveying systems 

arrange for the material to be fed in the form of discrete short 

plugs. 

A given flow regime cannot be specified in the conveying pipe 

by the sole definition of the loading factor. In a long conveying 

pipe and with a constant mass flow ratio, as the flow rate increases 

on expansion of highly compressed air, different flow conditions may 

occur. Therefore dense phase, medium phase and dilute phase 

conveying types can be observed along the length of the conveying 

pipe. 

1.4 Pneumatic Conveying and Dust Explosion Hazard 

The ease with which powdered products can be transported and 

the ever increasing transportation speeds of pneumatic conveying 

systems has resulted in the widespread use of such installations in 

many industries, for example, plastics, food, pharmaceutical and so 

on, as a means of transporting particulate materials into silos. In 

parallel with the use of pneumatic conveying, there have been many 

reports of dust explosions associated with industries handling 

particulate materials. The effects of a dust explosion can range 

from a small fire, resulting only in loss of production, to more 

devastating effects with considerable loss of life and property. 
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1.4.1 A Historical View of Dust Explosions 

The first known reported dust explosion occurred in a Turin 

mill by flour dust in 1785 [Field (1982)]. The earliest explosions 

involving industries handling powder materials, like the coal 

industry and flour mills, were attributed to an inflammable gas 

which was thought to be produced by the dispersed dust. It was not 

until the latter part of the Nineteenth Century that it was realised 

that coal dust could ignite and explode in the absence of gas, or 

that flour dust alone was responsible for the increasing number of 

explosions in mills. 

The Twentieth Century has seen an increase in the frequency of 

dust explosions because of the rapid expansion of powder handling 

industries and also the wider variety of materials. In the year 

1919 the most devastating dust explosion outside the coal industry 

was seen with 43 people being killed in a dust explosion in a starch 

factory in Iowa, USA. Major dust explosions, like any other 

disaster involving serious loss of life, have often initiated 

research into the problem. An early instance of this was the 

independent research carried out in the USA, UK and France following 

18 deaths in a Scottish mill in 1872 and 6 deaths in a French dye 

factory in 1978 [Field (1982)]. 

The two dust explosions which probably received more inter-

national coverage than any previous incident, and caused the 

devastating consequences of such explosions to be recognised, 

occurred in December 1977. As a result of grain dust explosions, in 

Texas 18 people died while 36 died in Louisiana. 

'Little Hope of Finding Workers Alive'. This is the trans-

lation of a news article from 'Le Figaro' - 20th October 1982, 

regarding the French grain silo explosion. After clearing the 

debris for 24 hours the toll of the catastrophe was four dead, one 

seriously injured and eight missing. 

~6" 



1984 witnessed another grain silo explosion with two 

fatalities. Extracts from an article in the Cork Examiner (Ireland) 

31st October 1984: 

"Second Body Found After Silo Explosion". 

'The silo in which the explosion occurred consisted of 48 

circular steel bins, each rising to about 100 ft and each with a 

capacity to hold 400 tonnes of grain. It was in one of these that 

the explosion was believed to have happened, blasting upwards and 

tearing through the eighth floor, which ran across the top of all 

the bins. The force of the blast blew away the top floor and the 

roof." 

The frequency and severity of some dust explosions reported by 

British Materials Handling Board [Abbott (1986)] are summarised in 

Table 1.2. 

Table 1.2 Some Dust Explosion Statistics 

Country Period Explosions Fatalities 
(Injuries) 

USA 1900-1956 1120 640 (1700) 

USA 1958-1977 220* 48 (500) 

PGR and 
Neighbouring 
Countries 

1960-1972 4000 

UK 1958-1967 247 9 (324) 

UK 1967-1979 474 25** (633) 

* grain industry only 

** 10 in 2 incidents 
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1.4.2 Requirements of a Dust Explosion 

The dust and also the atmosphere into which the dust is 

suspended require several characteristics in order for a dust 

explosion to take place. A number of conditions are as follows 

[Dixon (1981), Field (1982), Cartwright (1986), Palmer (1973)]: 

i) The dust must be flammable. 

Three methods of classification of dusts are usually found in 

the literature. 

'Index of explosibility', put forward • by the US Bureau of 

Mines, compares various explosion parameters of the dust with a 

standard dust, Pittsburg coal, chosen because considerable data 

exists on the behaviour of this material in large scale tests. The 

index of explosibility is defined as the ignition sensitivity 

multiplied by the explosion severity. If the index is greater than 

1, the hazard is greater than for coal which is taken to be the 

borderline between a weak and a strong hazard. This method gives a 

useful guide to relative problems but is very complicated for the 

amount of information which is gained from a knowledge of the index. 

The German method classifies the dust according to the damage 

which might be expected, ie, according to the maximum rate of 

pressure rise attained in a container of 1 m^ volume. The maximum 

rate of pressure rise is multiplied by the cube root of the volume 

of the container to obtain a constant which is more or less 

independent of the volume of the vessel. 

Although the German method of classification is becoming more 

general, it gives no idea of the ease of ignition of the powder. 

British regulations classify powders very broadly into two 

groups: 

a) "Group A" - Dusts which propagate flame in a vertical 

dust dispersion tube. The ignition source is either a 

continuous arc or a heated coil [Cross et al (1982)]. 

-8" 



b) "Group B" - Dusts which do not. This does not mean that 

group (B) dusts never explode. If the dust is flammable 

at all it may well ignite at elevated temperatures in a 

furnace apparatus although it cannot be ignited by a 

spark. High air pressure or the presence of a small 

quantity of flammable vapour may also render a group (B) 

dust explosive. 

ii) The oxygen content of the atmosphere in which the dust is 

dispersed must be sufficient to sustain combustion. 

iii) The dust concentration must be above the minimum explosible 

concentration. 

iv) The particle size distribution must be capable of supporting 

combustion. The particle size and shape also affect the 

dispersability of the dust; if this is poor due to cohesive 

forces or to entanglement of fibrous particles, then the 

explosibility limits are also modified. 

v) There must be an ignition source of sufficient energy to 

initiate the explosion. 

1 4.2.1 Factors Influencing the Explosion Violence 

i) Mobility and turbulence of dust suspension. 

ii) Homogeneity of dust suspension. 

iii) Composition of dust and impurities. 

iv) Particle size and distribution. 

v) Ambient pressure and temperature. 

vi) Presence of inert and diluent gases. 

vii) Moisture content of dust particle. 

viii) Presence of flammable gases and volatile species. 

ix) Shape and size of vessel. 

x) Air flow characteristics in the vessel. 

xi) Internal obstructions in the vessel. 

xii) Nature and location of ignition sources. 

-9-



1.4.3 Ignition Sources 

A combustible dispersed dust with appropriate particle size 

and concentration in an atmosphere containing sufficient oxygen to 

permit combustion requires a source of ignition of appropriate 

energy to cause a dust explosion. The following main sources of 

ignition may have sufficient energy to initiate a dust explosion 

[Field (1982), Cross et al (1982)]: 

i) Flames 

ii) Hot surfaces 

iii) Welding or cutting operations 

iv) Friction or impact sparks 

v) Electric sparks 

vi) Electrostatic discharges. 

There are different opinions as to the relative importance of 

different ignition sources in different powder handling industries. 

Figure 1.2 shows the frequency of occurrence of different types of 

ignition sources of 84 recent dust explosions (1979-1984) in the UK 

[Abbott (1986)]. 

1 4 4 Static Electricity as an Ignition Source 

Among the ignition sources with a potential risk in powder 

handling processes, static electricity is often regarded as the 

least traceable. Like any other ignition source, an electrostatic 

discharge can only be a hazard if the energy content present in the 

combustible dispersed dust has the necessary minimum value. Today 

electrostatics is recognised as a source of hazard or nuisance in 

many industries including petroleum, plastics, chemicals and 

electronics [Gibson (1983)]. 

1.4.4.1 Types of Discharge Due to Electrostatic Charging 

Electrostatic discharges can be divided into five identifiable 

types with regard to their energy densities. The ability of these 

discharges to cause ignition must be investigated if the exclusion 

of possible ignition sources is adopted as a measure of preventing 

explosions and fires. The five different types of discharges are 

—10— 
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described in the following sections [Cartwright (1986), Maurer 

(1979), Boyle et al (1950)]. 

1.4.4.1.1 Spark Discharge 

A discharge between conducting objects, one of which is 

charged and the other grounded, is termed spark discharge. The 

stored energy from such objects can be calculated from the 

expression: 

1 
Discharge energy = - CV* (1 .1) 

where C is the capacitance of the item which is raised to a voltage 

V by virtue of being charged. 

Spark discharges are potentially the most dangerous type of 

discharges, because most of the energy of the charge accumulated on 

the isolated conducting object can often be released in a single 

highly incendive discharge. Since the minimum ignition energies of 

explosible gas, vapour and dust atmospheres are experimentally 

determined with the help of spark discharges, the discharge energies 

calculated according to the above formula can directly be compared 

to these values. Table 1.3 gives some examples for capacitances and 

spark energies from possibly insulated items in a plant. 

Table 1.3 TVPtcaX Metal Items Encountered in Industry with their 

Capacitance and Stored Energy 

Item Capacitance 
(PF) 

Voltage 
(kV) 

Possible Spark 
Energy (mJ) 

Flange * 10 10 * 0.5 

Shovel » 20 15 w 2 

Drum 100-300 20 * 40 

Person 100-300 10 * 10 

Road tanker » 1000 15 * 100 
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Spark discharges are the cause of 95-98% of all accidents due 

to electrostatics [Maurer (1979)]. 

The incendivity of spark discharges is influenced by a number 

of parameters such as the length of the spark gap, shape and 

material of the electrode and voltage, inductance and resistance 

of the spark generating circuit. Boyle and Llewellyn (1950) 

demonstrated that the minimum capacitor energy ^ CV*, capable of 

igniting dust clouds of various powders, decreased quite con-

siderably when a series resistance was introduced in the discharge 

circuit. Eckhoff (1975) and Eckhoff et al (1976) have shown that 

the experimental minimum ignition energies for dust clouds are 

strongly dependent on the discharge times of the electric spark used 

in the ignition tests. The pressure wave of a spark with discharge 

time of the order of 1 jjs can effectively expel an object with a 

mass of the order of 1 mg far beyond the distance at which the 

object is likely to be ignited by the hot spark channel. When the 

spark discharge time was increased to the order of 1 ms, the 

disturbance decreased. Felstead et al (1983) measured the effect 

of electrode characteristics on the measurement of the minimum 

ignition energy of dust clouds. It was found that the ignition 

energy increased with electrode material in the order aluminium 

alloy < lead < brass < stainless steel and decreased as the 

electrode diameter was reduced from 35 mm to 3.5 mm. The minimum 

energy required for ignition occurred with electrode gaps of between 

11 and 13 mm. The sparks from the human body are less incendive 

than pure capacitive sparks for a given voltage for gases, vapours 

and powders [Tolson (1980), Wilson (1983), Glor (1984)]. 

Spark discharges can more easily be prevented compared to all 

other discharges, by simply earthing all conductors. 

1.4.4.1.2 Brush Discharge 

Brush discharges may occur in practice if earthed conducting 

electrodes with a radius of curvature in the range of about 5 

to 50 mm, such as metallic convex bends within vessels, tanks or 
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silos, the fingertips of personnel or working tools approach a 

charged insulating surface. High field strengths can be generated 

in practice from highly charged non-conducting surfaces (plastic 

bags, walls of pipes and vessels), mists, dust clouds and bulked 

powders [Glor (1984)]. The field increases as the two surfaces are 

brought closer together and eventually the air breaks down forming a 

multi-channelled discharge, known as a brush discharge. Brush 

discharges can be incendive enough to ignite combustible mixtures 

of gases or vapours with air. The parameters influencing the 

incendivity of a brush discharge are the radius of curvature of the 

electrode, the polarity, the density and the area of the charged 

surface. Gibson and Lloyd (1965) have shown experimentally that in 

the range 100-225 cm^ the charge density was independent of surface 

area. Above and below this range the charge density decreased. 

This was presumed to be due to the whole surface not being uniformly 

charged. 

1.4.4.1.3 Propagating Brush Discharge 

Another form of brush discharge with much higher energy is a 

Lichtenburg-like discharge or a propagating brush discharge. This 

type of discharge occurs when an insulating layer is backed by an 

earthed conducting material. Materials such as deposits of powder 

in dust-carrying plants, enamel, thin layers of lacquer or filter 

tissues, do not initiate propagating brush discharges [Maurer et al 

(1987)]. 

In the case of extended sheets of a high resistivity non-

conducting material, the charge density for breakdown depends on 

whether there is an earthed metal either near or in contact with 

the side of the sheet opposite that where the charging takes 

place. The presence of an earthed metal behind the sheet causes a 

redistribution of the field so that much of it is directed towards 

the metal, leaving less going outwards from the surface. This 

causes a charge density much greater than the theoretical maximum 

charge density in air to be accommodated on the non-conductor before 

discharges occur. The maximum charge density increases as the 

thickness of the coating or liner decreases. 
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Propagating brush discharges are capable of igniting dust 

clouds with minimum ignition energies of several tens of Joules 

[Glor (1984)3. 

1.4.4.1.4 Lightning-like Discharge 

A high energy discharge from or to a charged cloud is referred 

to as a lightning-like discharge or dust lightning [Maurer (1979)]. 

One condition for the occurrence of such discharges is that the 

volume in which the charged dust cloud is contained must be large. 

Boschung et al (1977) showed that although the conditions 

responsible for the initiation of lightning-like discharges in 

dust/air mixtures did exist, in a concrete bunker with a volume of 

about 60 m^ (length x width x height * 5m x 4m x 3m), for periods of 

15-20 seconds, no such discharges are likely in silos of volume of 

less than 60 m^ or of diameter of 3m, and of any chosen height. 

This conclusion is based on the assumption that the most likely path 

for a lightning-like discharge follows the shortest field line which 

connects the region of highest potential with earth. In a 

cylindrical vessel, except for the field near the base and at the 

top, the electric field strength lies in a plane perpendicular to 

the axis and points in a radial direction. Hence there is no 

possibility of obtaining lightning-like discharges from powder 

clouds inside cylinders having a diameter not greater than the 

smallest dimension of the concrete bunker, ie, 3m. The energy of 

lightning-like discharge is certainly sufficient to ignite 

combustible mixtures of gas, vapour or dust with air. 

The conditions found within a VLCC (volume 24000, m^) during 

tank washing have been roughly simulated on a small scale (volume 

12 in ). It was possible to scale the electric field and space 

potential as measured on board ship at the expense of space charge 

density. The space charge density on the small scale was much 

higher (about 10 ® C m"^) compared to 10'° C m'^ on board ship. 

This was found to be acceptable and did not affect the validity of 

the scaled experiments [Hughes (1980)]. 
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1.4.4.1.5 Corona Discharge 

When a high voltage is applied to or induced on a sharp 

electrode, a corona discharge occurs. During a corona discharge 

lonisation is limited to a region very close to the point where the 

field is high. Corona discharges are inevitable during bulking of 

charged powder in a container [Blythe et al (1979)]. Corona 

discharges are of the continuous or pulsed type and generally 

provide a safe way of partially removing the charge on powder. The 

energy density in a corona discharge is much less than in a spark 

and it will not ignite hydrocarbon vapours or powders. However, the 

ionisation of the air can enable sparks to form across much longer 

gaps than would normally be the case. 

1 * 4.2 Effect of Electrode Size on the Time Distrihnfinn 

of a Discharge 

The incendivity of a discharge depends not only upon the 

amount of energy or charge released, but also upon the time 

distribution of the energy. A corona discharge extended in time is 

less incendive than a short-lived spark discharge of the same total 

energy [Gibson et al (1965)]. Minimum ignition energies of powders 

and gases are compared with the energy of different types of 

electrostatic discharges in Figure 1.3 [Glor (1985)]. 

The electrode dimensions are the only factors, everything else 

being constant, that can affect the time distribution of the energy 

in the discharge. The variation of the transferred charge as a 

function of the electrode radius was studied by Berta et al (1979). 

Increasing the radius of the metal sphere from 3 mm to 10 mm caused 

the transferred charge to decrease. The transferred charge passed 

through a minimum and began to increase again by increasing the 

radius from 10 mm to 20 mm. The minimum value is explained as 

follows: At discharge the length of the breakdown channel is 

determined by the radius of the sphere, therefore the total charge 

in the channel is also determined by the probe radius. if the 

radius is larger, the channel length is less and the total charge in 

the channel is less. Increasing the radius of the sphere results 

in a larger area being discharged. These two factors in combination 
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Figure 1.3 Comparison of Minimum Ignition Energies 

with Energy of Electrostatic Discharges 

(Glor (1985)) 
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explain the minimum value in the charge transfer. Gibson et al 

(1965) indicated that "Although the quantity of charge released from 

the polyethylene surface decreases as the electrode radius 

increases, the current flowing in unit intervals of time increases 

as the electrode size increases up to 10 mm radius'. These authors 

did not find significant changes in increasing the probe radius 

from 10 mm to 20 mm. 

1-5 Contact Electrification 

Electrostatic charges are usually generated/separated whenever 

two materials (as webs, sheets, mouldings, powders or liquids) rub, 

slide or separate from each other. It is often more appropriate to 

describe such a contact electrification as tribo-electrification 

because sliding/frictional contact is involved [Bailey (1984)]. The 

charge transfer process in metal-metal contacts is most completely 

documented and understood [Harper (1967)]. Figure 1.4(a) shows the 

energy level diagram for electrons in two different metals which are 

initially uncharged and separated. In these diagrams the energy 

zero is taken to be the vacuum level corresponding to a stationary, 

isolated electron. The work function W of a metal is defined as the 

minimum energy that has to be expected to remove an electron from 

the metal and corresponds to the depth of the Fermi energy level 

(for a metal this corresponds to the topmost filled electronic 

energy state) below the vacuum level. As shown in Figure 1.4(b), 

when the two metals make contact with each other, electrons will 

flow from metal 2, which has the lower work function, to metal 1, 

leaving metal 2 positively charged. The flow will continue until a 

new equilibrium is reached, where the electrostatic contact 

potential difference AV established between the two metals just 

balances the difference in work function, and the Fermi energy 

levels are equalised [Blythe (1979)]. 

eAV = - W; (1.2) 

Metal work functions typically fall in the range 4-5 eV. 
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Figure 1 . 4 E n e r g y - l e v e l Diagrams for Two D i f f e r e n t Meta l s : 

(a) Before Contact, and (b) A f t e r Contact 
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Imagine now that the two metals are slowly separated. As the 

gap distance between them increases, the capacitance C between the 

two metals decreases and less charge transfer is required to 

maintain the same potential difference AV. Consequently, as long as 

electrical contact is maintained through electron tunnelling, there 

is a back-flow of charge. At the critical distance d (typically 

* 5 nm), the charge transfer ceases. The final charge transfer per 

unit area of contact is given by 

C 

* = I AV (1.3) 

E 
ff = ^ (Ŵ  - W^) (1-4) 

C 

where A is the area of contact. 

If a metal and an insulator make and then break contact it is 

usually found that electric charge has been transferred from one to 

the other. This process is, however, incompletely understood. 

The essential feature of a perfect insulator is a very wide 

band gap which is free of any impurity levels. In that case the 

thermal energies would be insufficient for the necessary promotion 

of electrons from the valence band to the conduction band. 

Consequently, when a metal and an insulator are brought into 

contact, electrons ought not to transfer from the metal into the 

insulator. Similar arguments show that electrons cannot transfer 

from the insulator to the metal. 

Bauser et al (1970) investigated the charging mechanism 

of insulating solids and found that for an ideal polymer in 

contact with a metal, the theoretical surface charge density 

(« 10 C cm"^) was smaller by several orders of magnitude than 

that obtained experimentally. 
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Based on the practical observation that some polymers behave 

as near-perfect insulators, with any charge failing to dissipate 

over periods of many years, it is reasonable to assume that a 

mechanism for contact charging which involves transfer to or from 

the bulk will not always apply. A satisfactory explanation for the 

experimental results was hence given by considering surface states. 

The influence of trap levels in the energy gap of a real 

polymer, which are due to chemical defects on the contact 

electrification, was also studied by Krupp (1971). 

An energy level scheme for a particular case of a simple model 

of metal insulator contact charging, involving only surface states 

on the insulator, is shown in Figure 1.5 [Blythe (1979)]. The 

energy density of surface states per unit area D is assumed to be 

uniform. The Fermi level in the metal is lower in energy than 

the limit (surface Fermi level) to which the surface states on 

the insulator are filled. Upon contact there will be an immediate 

flow of electrons from the insulator surface states to the metal, 

the charge transferred per unit area of contact being given by 

[Blythe (1979)] 

a = eD^ AW^ (1.5) 

where AW^ is the shift (Ŵ ' - W^) to the new surface Fermi level W.' 

caused by the surface charge. Denoting the consequent contact 

potential difference developed between the metal and insulator 

surfaces by AV, then 

- AV = + eAW. (1.6) 

The geometrical capacitance per unit area between them for a 

separation d is given by 

6 
n — —9. 

c* - d (1.7) 
C 
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Figure 1 .5 Energy- level Diagrams for a Metal and an 

Insu la tor : (a) Before Contact, and (b) Af ter 
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so that, 

ff (7d 

AV = — = - ^ (1.8) 
A o 

Combining equations (1.5), (1.6) and (1.8), 

eD (W - W ) 

= 1 +'*: D d % (1 9) 
S C O 

If is not too large because there is no high concentration of 

unsatisfied chemical bonds, for example chemical defects, broken 

chains etc, at the surface, we may assume 

e2 D d 

<< 1 (1 .10) 
O 

and equation (1.9) simplifies to 

cr = eD (W - W ) (1.11) 
s m 1 

Equation (1.11) predicts that the surface charge density 

imparted by metal contact to the insulator surface is directly 

proportional to the work function difference. The charge density is 

not sensitive to any critical separation at which electrical contact 

is lost. 

In the limit of a high surface state density, 

eD d 

% ^ >> 1 (1.12) 
O 

Equation (1.9) simplifies and the contact charge density is given by 

C 

-23-



The contact region is defined as the maximum area over which 

charge transfer can take place. For a spherical particle of radius 

r, the contact area A is given by (Figure 1.6) 

A « ira2 (1.14) 

where a^ = 2r d^ - d^^ * 2r d (1.15) 

In practice, due to surface roughness, only a fraction of the 

geometric area is available for intimate contact. Loeb (1958) 

states that the contact area should be modified by a factor f of the 

order of 10 the true contact area being 

A « 2ir f r d^ (1.16) 

This area is taken as the area of an equivalent parallel plate 

capacitor. Using equation (1.9) the charge imparted by metal 

contact to a spherical insulating particle is given by 

, 2, f R e p. (W_ - W,| r, 

1 + e2 D d /6 
S C O 

When, therefore, two dissimilar materials or two similar 

materials of different sizes make and then break contact, charge 

transfer from one to the other occurs. The charge exchange tendency 

between similar materials is greatest when one of the particles is 

very small (ie, of atomic dimensions) and the other particle is 

comparatively large [Gallo et al (1976)]. 

There are three main ways in which charge can transfer from 

one body to another: by transfer of electrons, transfer of ions, and 

transfer of material carrying charge. The variation of charge 

transfer with metal work function, and its correlation with the 

chemical properties of the insulator, suggests that charge transfer 

is often due to electrons [Davies (1969)]. 

Salaneck et al (1976) showed that when metals and polymers 

make contact some of the metal transfers to the polymer and some of 

the polymer to the metal. Material transfer is of significance to 

-24— 



Figure 1.6 Definition of Contact Region 

insulating particle 
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contact electrification if the transferred material carried charge, 

and the transferred charge per unit area exceeds the charge density 

observed in contact electrification. When metals slide over 

polymers very large amounts of polymers may transfer to the metal 

[Pooley et al (1972)]. 

Kornfeld (1976) showed that due to the presence of charged 

defects in the crystal lattice, solid insulators are not 

electrically neutral and possess their own (intrinsic) electric 

field. This electric field is usually compensated by ions attracted 

to the surface from the atmosphere. These ions together with other 

adsorbed molecules form the surface layer of the body. As a result 

of the friction of one such body against another, their surface 

layers are mixed and the compensation for the intrinsic field of 

both bodies is disturbed, ie, the bodies become electrically 

charged. 

The overall electrical effect of a positive ion being 

transferred from a surface cannot be distinguished from an electron 

transferred to that surface to neutralise the ion. 

The electrification of one insulator by another can also be 

predicted from knowledge of the electrification of each of the 

contacting insulators by metals which suggests that the electron 

transfer rather than ion transfer is the dominant cause of contact 

electrification between two insulators. Davies (1970) found that 

the charge transfer between two insulators can be predicted, to a 

certain extent, from knowledge of the charge acquired by each of the 

insulators on contact with metals. It is assumed that the charge on 

the insulators, due to contact with metals, is such as to bring the 

Fermi levels of the metal and the insulator into coincidence. Using 

the measurements of metal-insulator contact charging to deduce a 

Fermi level for each insulator, Davies found that the charge 

transfer between two insulators is correlated with their Fermi 

levels, the sign of the charge transfer being consistent with the 

hypothesis that electrons pass from the insulator with the higher 

Fermi level to that with the lower. 
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In practice polymers normally have a number of surface states 

within the forbidden energy range owing to chemical impurities and 

because of specific surface defects due to oxidation products, 

broken chains, and adsorbed molecules. If the charging mechanism 

during metal-insulator contact is due to surface states the Fermi 

level in the Davies' (1970) argument can be replaced by (surface 

Fermi level) and all the conclusions will remain valid (see Figure 

1.5). 

Robins et al (1975) investigated the role of surface ions on 

charging by using insulators whose surfaces may readily be coated 

with a dense layer of ions of either sign. The experiments showed 

that surface ions had a dominant effect on the charging of pyro-

electric samples. It was supposed that surface ions might also 

affect the charging of ordinary insulator surfaces. 

Hays (1974) found that for a freshly prepared film, the 

mercury contact charging of polyethylene was low, 1 nC cm"^. For 

films exposed to the laboratory air for a few hours, the contact 

charging increased to 20 nC cm Mercury was chosen as the test 

metal surface because a non-frictional, non-destructive and intimate 

but separable contact is formed. A brief exposure of the 

polyethylene to air near a corona, or ozone from a generator, also 

increased the contact charging. 

The charging of clean and dirty surfaces of PTFE during 

contact with a spherical aluminium electrode was investigated by 

Homewood (1981). The clean surface of PTFE was prepared by cleaving 

the specimen in the ultra-high vacuum whilst the dirty surface was a 

similarly prepared specimen that had been exposed to air for 24 

hours. Results obtained indicated no significant difference in 

contact charging between the two surfaces. It was concluded that 

for PTFE contact charge transfer is not affected by extrinsic 

surface states due to adsorbed impurities, which implies that the 

contact charge is due to electron states intrinsic to the material. 
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Cottrell et al (1979) showed that there is no detectable 

charging when perfect insulators contacted by metals. Solidified 

rare gases were used as 'ideal' insulating solids. Solid rare gases 

have an electron gap which is greater than 9 eV and the bottom of 

the conduction band lies close to the vacuum energy level. Because 

the force between atoms is weak (atoms are held together by the Van 

der Waals force), the atoms keep their identities in the solid and 

crystal defects and surface states are not expected to provide deep 

donor or acceptor centres. The incorporation of electronegative 

impurities led to negative contact electrification. 

The quantity of interest in contact electrification 

experiments is the surface charge density, a (charge transferred per 

unit area of contact). It is however very difficult to measure the 

actual area of contact between two bodies, and so the charge density 

often cannot be determined. Surfaces are nearly always to some 

extent rough. Consequently, the total area in actual contact is 

less than the apparent area of contact. 

Hull (1949) mapped out the distribution of contact charge 

on the insulator surfaces using charged powders. Negatively 

charged powder settles on positively charged parts of the 

insulator and positively charged powder on negative parts. 

Uncharged portions of the specimen is freed of powder by shaking. 

The degree of resolution of this method is restricted by the size of 

the powder or dust in use. Sone et al (1974) used liquid crystal to 

delineate structures of residual charges on insulating surfaces. 

Thin films of the liquid crystal solution were applied to an ebonite 

plate. The solvent was then allowed to evaporate in a vacuum. 

Although this method does not distinguish the polarity of residual 

charges, it has a high resolving power (* 1 jjm) in the delineation 

of the surface discharges. Davies (1973) used an induction probe to 

determine the contact area for a range of contact loads, by 

measurement of the surface charge retained on the polymer surface 

after contact. Induction probes are limited to a spatial resolution 

of about 50 pm - the charge density may, however, vary on a smaller 

scale. 
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The rate at which the charge is transferred during metal-

insulator contacts has an important bearing on whether the charge is 

transferred to bulk or to surface states. Direct measurements of 

the time dependence of contact electrification have shown that the 

total charge transferred to polyethylene and PTFE by contact to 

metals increased with the duration of contact [Davies (1967), 

Homewood et al (1979)]. The increase of charge with duration of 

contact was explained to be due not to any slowness in the electron 

transfer but to a gradual increase in contact area with time. 

Polymers are viscoelastic and also much softer than metals, and so 

will slowly deform at the contact region. Medley (1953) showed that 

the charge transferred to polymers by contacts to liquid mercury is 

independent of contact time. 

Hays (1974) investigated the influence of an external electric 

field on the mercury contact charging of polyethylene. For freshly 

prepared films of polyethylene, the contact charge exchange is low 

and the field dependence is weak. If the polyethylene has been 

exposed to ozone or to the laboratory air, the contact charging and 

field dependence increase considerably. The field is able to modify 

the transfer of electron from the metal to surface states on the 

polymer. 

External electric fields were used by Nordhage and Backstrom 

(1975) to determine the thickness of the charge layer at the 

insulator surface. In the absence of an externally applied electric 

field the thickness, x^, of a layer of charge on the insulator 

surface is such that the potential difference across it is V . An 
C 

externally applied field disturbs the equilibrium and will create 

a potential difference E across the layer. If the charge 

transferred is in surface states, the effective thickness of the 

charged layer is very small and a very large electric field will be 

needed to affect the charge transfer. Nordhage and Backstrom (1975) 

concluded that charge confined to states on the surface cannot be 

responsible for the electrification of polyethylene but must 

penetrate into the bulk of the insulator. 

-29-



In practice, when an electric field is applied to a polymer, a 

shift in energy levels in the polymer relative to the metal Fermi 

level does not always occur. Bulk polarisation may be induced which 

persists for a long time after the field is removed. Many methods 

of charge measurements will not distinguish the polarisation charge 

from the contact charge. 

Effect of electric fields on contact electrification of pyrex 

with a metal at elevated temperatures and relative humidities has 

been measured by Greason (1972). As the humidity and temperature 

increase, a large shift in the charge exchange versus electric field 

is observed which indicates a conductive induction electrification. 

If small amounts of surface contamination, impurities or 

absorbed materials, rather than the basic chemical constitution of 

the material, significantly affect the contact charging process, it 

will be necessary to work under ultra-high vacuum conditions to 

achieve reproducible data. This is not of immediate practical 

relevance to many industrial situations because the solids and 

powders involved are not pure substances. 

A basic approach for investigating the charging of powder 

particles transported through metal pipes is to study the charging 

of a particle by a single impact on a metal plate. 

Nasui et al (1983) studied the influence of impact speed and 

impact angle on the electrification of polymer (nylon 66 and PMMA) 

particles by impact on a metal plate. Both the impact charge and 

the impact area are the linear function of the vertical component of 

the impact speed. The impact charge and the impact area are 

independent of the horizontal component of the impact speed. It is 

also shown that the charge density (charge per unit area) is 

independent of the impact speed and angle and its value is only 

determined by the combination of the materials of the particles and 

the metal plate. 
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Yamamoto and Scarlett (1986) investigated the influence of the 

initial charge on a polymer (polystyrene) particle on the impact 

charging with metal plates of different materials. It was found 

that a particle which already carries more than the equilibrium 

value of charge will give up some or all of its charge on impact 

with a metal plate. On the other hand, a particle which carries a 

charge of the opposite sign will gain even more than a neutral 

particle. It was also found that the equilibrium value is almost 

independent of the impact conditions and depends on the particle 

material and size and the plate material. 

John et al (1980) investigated the transfer of charge to a 

metal surface as a result of impacts by initially neutral particles 

and by initially charged particles (precharge). Three types of 

particles were used: methylene blue, sodium chloride and potassium 

biphthalate. The amount of charge transferred during a contact was 

dependent on the initial charge on the particle as well as the 

contact potential. The fraction of precharge transferred was 

greater for positive precharge than for negative precharge. The 

contact charge during these tests was positive. For a negative 

contact charge the dependence on the sign of the precharge reversed. 

John et al (1980) interpreted this effect in terms of a weakly 

rectifying p-n junction formed at the particle probe contact region. 

For positive contact charge, the particle surface material is p-

type, the probe surface material n-type. When neutral particles 

contact the probe, electrons flow from the probe to the particle and 

positive charge flow from the particle to the probe until the 

contact potential is established. If the particle carries a 

positive precharge, this produces a positive bias voltage across the 

junction, increasing the charge transfer rate. A negative precharge 

on the other hand will impede charge transfer and the effects are 

reversed. 

Kittaka et al (1977) studied the charging tendency of some 

synthetic high polymer pellets by charging them repeatedly by 

impacts in a chrome-plated chamber using a compressed air flow. 

The charge build-up of the pellets followed an almost exponential 
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growth. The initial slopes of the charging curves became steeper 

with increasing air pressure. This tendency was caused by an 

increase both in the frequency of impacts and also the contact area 

per impact between a pellet and the metal surface. Each charging 

curve had a tendency to saturate with increasing charging time. 

Furthermore the saturation charge was almost independent of the air 

pressure. In the case of spherical pellets of polyethylene, 

saturation charge density of -2.10 x 10"^ C cm"^ was obtained which 

is 36.3% of the maximum theoretical value assumed for an isolated 

sphere in free air. The difference between the theoretical and 

experimental saturation charge densities was explained in terms of 

the irregularity of the shape of the pellets, non-uniformity of the 

surface charge and the charging process in a small chamber. 

Cho (1964) investigated the contact charging of micron-sized 

particles in electric fields up to 2.7 x 10^ V m \ The apparatus 

consists of a pair of stainless steel particle charging plates. The 

electric field induces a charge on a particle in contact with either 

plate and the resulting electrostatic force on each particle causes 

it to oscillate in the gap. The opposed convex plates focus the 

particle towards the centre of the system where they escape through 

a small axial exit aperture in the top plate. The properties of the 

emerging charged particles are then determined. It was found that 

conducting and semiconducting particles would continuously oscillate 

between the charging plates when the electric field was applied 

between the plates. When insulating particles were introduced in 

the electric field the major effect would be an induced 

polarisation. When a potential was first applied between the 

plates, there was no reaction of the insulating particles. However, 

with time and a small finite electrical conductivity, a few 

particles became charged and travelled to the opposite plate. An 

oscillation between the charging plates did not take place, as was 

the case for metal and semiconducting particles. 

The charge transferred to a particle during handling will 

redistribute itself over the particle surface by electrostatic 

forces. The redistribution rate or the electrical relaxation time 
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of the particle material, t, is given by the product of particle 

resistivity, q, and particle permittivity, E [Bailey (1984)]. 

Materials with high resistivities, for example high density 

polyethylene, have relaxation times of hours or days. 

When a static charge of electricity is uniformly distributed 

over a spherical surface, the field just outside the surface is 

normal to it. The electric field is the same irrespective of 

whether the sphere is a conductor or an insulator and independent of 

the dielectric constant of the insulator [Harper (1967)]. The 

electric field has a maximum intensity at the sphere surface and 

decays inversely with the square of distance away from the surface. 

Due to the highly non-uniform nature of the field in the vicinity of 

a small charged particle surface, electric field values much higher 

than that for a uniform field (3 x 10® V m'^) can be supported. 

Harper (1967) has modified an empirical formula of Schaffer, quoted 

by Schumann (1923), which gives the maximum sustainable electric 

field on the surface of a particle in terms of the radius, r, of a 

spherical particle as: 

E = 9.3 X 10^ r"°-̂  V m"' (1.18) 

The surface field calculated from this expression for a 

charged particle of radius 0.02 m is 3 x 10® V m~\ the breakdown 

threshold for a uniform field and so, for all particles of radius 

less then 0.02 m, higher values of surface field may be sustained 

with maximum sustainable field increasing as particle size 

decreases, according to equation (1.18). 

The static electrification of powder particles in a pneumatic 

conveying system is due to tribo-electrification caused by multiple 

collisions between powder particles and the pipe wall. An upper 

limit to the charge that can be acquired by the powder is reached 

after the powder particles are transported through a certain length 

of the conveying pipe. The tribo-electrification of the particles 

in a pneumatic conveying system is affected by changes in the 

conditions of collision with the pipe wall, the material of the pipe 

and the atmosphere. 
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Masui et al (1984) investigated the dependence of the 

electrification of polymer powders on the shape of the pipe and the 

transport conditions. The powder specific charge density, q, (the 

charge/mass ratio) increases with increasing bend angle of the elbow 

pipes (15-20 times for 90' elbows) because the impact area of the 

powder particles increases with the latter. In a straight pipe, at 

constant particle speed, the specific charge density, q, is constant 

at low solid loadings, M, (the mass of powder/volume of transport 

air ratio). The specific charge density increases as M increases 

but will decrease at very high solid loadings as the mutual 

collision among particles occurs very frequently and the number of 

particles which cannot reach the pipe wall will increase. 

Boschung et al (1980) studied the tribo-electrification of 

powders subjected to industrial processing using a method which 

made it possible to determine reproducibly the influence of 

parameters such as powder quantity, airflow rate, length, diameter 

and material of the tube on the charge pick-up ability of powders. 

Chemical composition and surface properties of powder particles 

rather than the transporting conditions determined the specific 

charge density of powders. Specific charge densities in the range 

10 - 10 C kg were observed with the powders investigated. The 

extent of the specific charge densities' scatter was such that a 

classification of the powders' ability to pick up electrostatic 

charges as "low", "medium" and "high" was suggested. 

The static electrification of a dilute suspension of several 

powders in a pneumatic conveying system were studied experimentally 

by Masuda et al (1976). The powders investigated were: flour, vinyl 

chloride, glass beads, eight grades of quartz sand and eight grades 

of morundum. The collision characteristics such as contact area, 

number of collisions per unit area and unit time and duration of 

contact were examined by photomicrographs of scars caused by the 

impact of particles on a plastic film covering the inside wall of a 

section of the conveying pipe. The number of scars per unit area, 

obtained by counting, was found to be directly proportional to the 

powder mass flow rate. The dimensions of the scars were, however. 
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independent of the powder flow rate but were proportional to the 

mean air velocity. The electric current generated on the wall of 

the conveying pipe was approximately proportional to the mean air 

velocity to the power 1.4 when the contact seemed to be elastic and 

to the power 1.9 for inelastic contacts. It was also found that the 

current was inversely proportional to the mean particle diameter. 

Enstad (1978) investigated the influence of the conveying pipe 

length, pipe diameter, air velocity and the mass flow ratio on the 

specific charge of PVC powder. The specific charge of the powder 

after pneumatic conveying increases with the conveying length to a 

saturation value. The saturation value is in practice obtained 

after a conveying length of 1 to 2m. The saturation specific 

charge seems to increase with the air velocity and to decrease with 

the tube diameter and the mass flow rate. 

Cunningham (1966) investigated the relation between charge 

density generated on an insulating belt slipping on a grounded metal 

roller and work done against friction. It was shown that the charge 

on an insulating belt exponentially approached a limiting value as 

the work done against friction in slipping the belt on a grounded 

metal roller was increased. The limiting value increased 

proportionally faster as the belt tension increased. This may be 

due to the fact that the real contact area between the belt and 

roller increased proportionally faster than linearly as the belt 

tension was increased. It was also shown that rollers of different 

metals charged the belt materials differently. These differences 

were related to measured contact potential differences 

characteristic of the metals as they were used in these experiments. 

Singh (1983) examined the influence of mass flow rate and 

relative humidity on the charging characteristics of high density 

polyethylene during pneumatic conveying in a full scale silo rig. 

Charge per unit mass was found to be smallest when the mass flow 

rate was at a maximum. A large relative humidity implied a large 

negative current and a small relative humidity implied a large 

positive current. Electric field measurements during and after 
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conveying of powder through the conveying pipes into the silo showed 

that high density polyethylene fines charged negatively and the 

coarse charging positively. 

Smith et al (1983) measured the specific charge density of 

small quantities (between 10 and 25 g, depending on particle size) 

of high density polyethylene powder being transported pneumatically 

along a one metre length of pipe. The experimental results were 

consistent in terms of relative value, but approximately 100 times 

less than the maximum value of q 
max 

Effects of humidity on polymer surfaces have also been studied 

by Sprengling (1971) who concluded that a characteristic level of 

surface resistivity in a humid ambient would be much less a property 

of a given polymer structure or composition than has been supposed. 

The resistivity found under such conditions was often determined to 

a much greater degree by the sample prehistory. 

It has been reported that the humidity influences the 

dispersibility of the powder in the air stream [Boschung et al 

(1980)]. 

Yu (1985) observed that when some agricultural products were 

transported pneumatically along the conveying pipes, the charge on 

the powder oscillated around the saturation level as a function of 

the pipe length. If the powder particles were already charged to a 

larger level than the saturation level before entering the conveying 

pipework, the oscillation could contain an exponential decrease, but 

need not necessarily. 

Ramackers (1970) found the highest specific charge density 

levels for silica particles during pneumatic transport to occur at 

low solid loadings. Specific charge density also decreases with a 

decrease in the transport air speed. The space charge of powder 

particles flowing through the pipe was used in an attempt to 

neutralise the charged powder by induced corona discharge from an 
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earthed conducting wire. This device was found to be most effective 

at high inlet charge levels. 

The charged powder flowing through the pipe produces an 

electric field at the inside wall of the pipe. From this concept it 

appears that an additional electric field between a wire conductor 

mounted centrally in the pipe and the wall of the pipe can influence 

the specific charge [Linstrom (1978), Ebadat et al (1989)]. 

1-5.1 Analysis of Electrostatic Charging of Particles in 

Gas-Solids F I o m 

In a pneumatic conveying installation the powder particles 

become electrostatically charged due to the process of tribo-

electrification. The charged powder flowing through the conveying 

pipe produces a radial electric field at the inner wall of the pipe. 

This field acts as to oppose the charge transfer between the powder 

particles and the inner surface of the pipe. The specific charge of 

powder therefore reaches a saturation limit as it flows along the 

pipe. Cole et al (1969-1970) presented a theory for the prediction 

of electrostatic charging rate of the said particles (Appendix A). 

The charge exchange per collision of a particle with a wall may be 

expressed as follows: 

dQ 

3; = Q, -k Q, -la, 

The solution of equation (1.19) is 

Q 

(1.19) 

Q = -^ ( 1 + Q g-Kn (1.20) 
K o 

where K = k + 1. 

From equation (1.20) it is clear that, given a sufficient 

number of collisions, a particle will always finish up with a 

limiting or saturation charge of & . The influence of the space 
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charge field is such that even if the charge of powder is somehow 

made to exceed the saturation limit, the additional charge 

dissipates after the powder travels through a short section of the 

pipework. 

^ I n v e s t i g a t i o n of Electrostatic Hazards in Pnenma+ic Conveying 

and Storage of Powders 

Static charges are likely to generate/separate during 

operations such as sieving, pouring, sliding, spraying, filtering, 

grinding and pneumatic transport. The specific charge densities 

generated during various powder handling operations are shown in 

Table 1.4. 

Table 1.4 Charge Generated in Powder Handling Operations 

Operation Specific Charge Density 
(PC kg-') 

Sieving IQ-s - 10-1 

Pouring 10-3 _ 1Q-1 

Scroll feed transfer 10-2 - 1 

Grinding 10-1 _ 1 

Micronising 10-1 - 1 

Pneumatic transfer 1 - 10^ 

In pneumatic transfer, tribo-electrification of the powder may 

occur in different parts of the powder processing plant. For 

example, it may occur in the rotary valves, conveying pipes and 

cyclones. It is normally only when the powder enters a silo that a 

significant electrostatic hazard may arise. This is because the 

dispersed dust cloud of the powder in the silo normally requires 

less amount of energy to ignite and higher energy sparks are more 

likely. 
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It is important to place the electrostatic hazard in 

perspective. An analysis chart of electrostatic dust explosion 

hazard is shown in Figure 1.7 [Singh (1983)]. There ar6 several 

reasons why static electricity has become in all cases a more 

serious potential ignition source in powder handling and storage 

systems. The higher charging rates and higher levels of charge 

accumulation are the result of increases in the transport velocities 

and the construction of larger silos [Glor (1985)]. In addition, it 

has been realised that the values of the minimum ignition energies 

of certain organic powders measured are very low, overlapping with 

the range of values observed for pure gases (Figure 1.8) [Gibson 

et al (1981)]. 

Most powders are capable of retaining their charge when the 

powder resistivity lies above about 10®Qm. The volume resistivity 

of dry powders processed in the organic chemical industry will, with 

few exceptions, exceed lO^Qm (Figure 1.9) [Gibson et al (1981)]. 

Some recent statistics reported by Glor (1985) claim that 

there is one dust explosion in Germany nearly every day. 9% of all 

these accidents are caused by static electricity. If, however, only 

polymeric powders are considered the percentage increases to 34%. 

There are on average 40 dust explosions in the UK each year and it 

is estimated that 10% of dust explosions are caused by static 

electricity [Gibson (1986)]. 

A dispersed dust cloud may be ignited whenever sufficient 

energy is supplied to initiate a runaway oxidation reaction. A 

kernel of hot gas must be created, in which the heat generated 

exceeds the heat lost, for the flame to propagate. One source of 

ignition in industrial fires and explosions may be electrostatic 

discharges. An assessment of the ignition hazard due to electro-

static discharges should not only include arguments about the 

occurrence and incendivity of discharges, but also about the 

ignition sensitivity of a given product. The ignitability of some 

of the common dusts in terms of various parameters is shown in 

Table 1.5 [Abbott (1986)]. Decreasing the particle size, in many 
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Figure 1.7 Electrostatic Dust Explosion Hazard 

Analysis (Singh (1983)) 
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Figure 1.8 Minimum Spark Ignition Energy Data 

(Gibson et al (1981)) 
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Figure 1.9 Electrical Resistivity of Powder Products 

(Gibson et al (1981)) 

40 

Number of 
Products 

30 

20 

10 

^ f - u 
104- 105 106- 10? 10®- 10^ 10*0- loll > 10l2 

Electrical Resistivity (Ohm m) 

-42-



in 
4J 
in 
g 

I 
$ 'H 

I 
§ 
•5 
o 

a 

o; 

I 

c 
0 

£ i t n 
D u 1 
e » E 

c C 
c & 0 ) 

a u 
z X c 

LU 0 
u 

C 
E 0 > 
3 0 ) 
E +> u 0 

& E 
C c c 

a> L U 
z 

c 
Oi c 
0 ) 0 c 
>. 0 
X - p 

0 
u 

i *» c 
C O) 

s Of 
u 

c c u 
0 0 

X w 

u 
c 3 

E 0 
3 «* 
E • p u U 

& • 
C c a 

0 ) E 
Z » 

H -

# 
Of CC 

t -
. 0 w 
3 c 0) 

1— 0 <0 

C J 
fO m 
u V < 

« 
c m 

0) re 
> « 

(0 u 

u 

& 

fO 3 c 
u - P 4> « *» 
a c 
> 0 0 

*— X u 

4* 
N 

t n 

Ot 

u 

V 
u 
ro 

O n 
c 
i n 

c i n c o o o to 00 •4- (Ni CD (*) 

^ o c o o i n c o 

s 
00 

2 s 
CO o «4' 

o o o c 
r - 0 0 r - n 

m i n ^ 

C > 4 X 
CN i n ( \ j 

" - o 

>4 rsi X o 
I I H 

E E E E E E E E 
a a a . % a % % 3 . 

0 0 0 i n 0 0 0 i n 
0 Q 0 •4- 0 1 1 0 

V ( N \ 
1 1 r u 

V 
O m 

c fO Ui 

T3 & 

O 
O 
o m 
I o 

c o o o i n o t n 
n (JD cv j i n n r s j N t 

c i n 
i n 

O g 
i n i n 
t n I 

I o 
i n i n 

<M 

o o 00 

o 
CO 

0 0 0 M m m 

s § 
( N i n 

c 

(Si 

r -
I 

i n 

CD 

o 
I T -

(jO 

0 
i n 

0 i n i n 0 0 0 
m CM 0 0 i i n i n 
m 0 

0 
i n 

m m m 

0 0 0 
O O CO 
^ i n m 

< < I < I < < < 

m I 
i n 

o 

ti i n r u CD 

n 

E E E E E E E 
3 . 3 . 3 . 3 l a a 3 . 

i n m 0 0 CN i n 0 
i n 0 r - r ) r g 1 1 i n 

CD 1 CM 
I i n i n 1 

0 CM 0 
0 i n 

•4- r v j CD 
c o 

o 
c 

0 X 
# 
c 

re 
u 

c & • D V 
u re a (0 >. • p " 0 

& 0 a # & X & 
T5 # 0 u & X 
% (. " O 
0 3 a a c # & c 

o l - 0 V n 0 T5 <e c >. • 0 c- Of 0 X > E to 0 re E 
3 

& u_ Q . 
( n u 0 * X 

0) 1 
" D 
Z 

u 
0 >. 

E 0 
( n E > 3 TO 0 **. • p X c 

0 
( n 

C X 3 & c E # OL c • p X X X m U 0 # (b if re Oi 0 Of Of Q> u V u u a> E E U c X E c c E X • P &_ u l e le re re 
3 <T u a • p u O) re Of m 0 re re n> Ui O) O) c re 0 0 0 re 0 re a» X 0 k • p • p 3 0 < < 0 0 u w w u 0 L L u . X X X a . o _ 0 . 0 . ( / ) CO ( n t n ( n H - 3 

-43-



cases, significantly decreases the minimum ignition energy of a 

powder. An example of this is given in Table 1.6 [Gibson (1986)]. 

Table 1.6 Effect of Particle Size on Minimum Ignition Rnmrov 

Particle Size Range 

(in) 
Minimum Ignition Energy 

(mJ) 

710 - 1680 5000 

355 - 710 250 - 500 

180 - 354 50 - 250 

105 - 179 10 

53 - 104 10 

5 10 

It is generally accepted that dispersed flammable dust clouds 

may be ignited by discharges from charged objects such as, for 

example, sparks or propagating brush discharges. These types of 

discharges can be excluded in practice if grounded conductive 

equipment are used. The question that remains is: can a combustible 

powder be ignited by the charge accumulated on the powder itself 

even if the powder is handled in earthed conductive installations? 

When charged non-conducting powders are pneumatically 

conveyed, an immense amount of charge will be released if charged 

particles, initially well separated from each other, are collected 

together into a large container [Blythe et al (1979)]. This is 

because the effective surface area of the whole heap will be so much 

smaller than the sum of individual surface areas of all the 

particles. In the case of earthed metal silos, the excess charge is 

led away to earth by low energy corona or brush ionisation of the 

gas space, but higher energy discharges cannot be ruled out [Thorpe 

et al (1985)]. 

Besides spark discharges from charged conductive products 

and corona discharges from insulating product, discharges associated 
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with the charge on the powder particles accumulated in a hopper have 

been observed by Blythe et al (1979). The discharge spreads over 

the surface of highly insulating powder settled in a silo forming 

radially directed discharge channels. Discharges across the bulked 

powder have been photographed, but their incendivity was not 

determined [Maurer (1979)]. Incendive discharges have been obtained 

from the surface of highly charged HOPE bulked powder. These 

discharges were capable of igniting a propane/air mixture with a 

minimum ignition energy of 0.25 mJ [Singh et al (1987)]. 

Results of experiments performed with dust clouds inside a 

60 m^ bunker showed that the conditions thought responsible for the 

initiation of lightning-like discharges in dust/air mixtures did 

exist but no discharges took place. Boschung et al (1977) showed 

experimentally that such discharges are not to be expected in silos 

of volume of less than 60 m^ or of a diameter of less than 3 m and 

unlimited height. 

A limited amount of data has been published on the incendivity 

of sparks from the more common forms of non-conducting surfaces 

found in industry. Glor (1981) showed that brush discharges from 

the surface of a polyethylene plate are able to ignite a number 

of gases and vapours. These gases were; propane, butane, acetone, 

2,2-dimethylpropane, diethylether, ethylalcohol, acetic acid, 

ethylester and mixtures of alkanes. With the minimum ignition 

energy of propane air mixtures influenced by increasing the nitrogen 

content of the air, an equivalent energy of 3.6 mJ with an ignition 

frequency of 40% was achieved with brush discharges from a sphere of 

35 mm radius. 

Gibson (1974) chose two levels of probability as the standard 

for the assessment of ignition risk. A real risk of ignition will 

exist if discharges from a particular source are giving 50% 

ignitions. This measure of discharge incendivity is termed the 

Incendivity (0.5p) value of the discharges and is numerically equal 

to the minimum capacitive spark ignition energy of the atmosphere 

in which 50% of the discharges cause ignition. This information is 
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obtained relatively quickly because the relationship between 

probability of ignition and sensitivity of the flammable atmosphere 

is such that it is only necessary to carry out ignition tests with 

three or four different gas mixtures to accurately define the curve 

in the 0.5 probability region. Furthermore, a reliable value for 

the probability of ignition in a given gas mixture is obtained after 

passing only 100-200 discharges through the atmosphere. This is an 

arbitrary selection but it is useful in initial testing and in the 

establishment of situations of high risk. 

The second level of probability chosen as standard is very 

low. When the probability of ignition becomes virtually nil then 

the minimum ignition energy of the gas mixture for which this occurs 

has special significance in that the discharges will not ignite any 

gas or vapour-air atmosphere whose minimum ignition energy is equal 

to or greater than this value. It indicates, therefore, the maximum 

igniting power of the discharge and has been termed its "equivalent 

energy". In an electrostatic risk situation a probability of 

ignition of less than 1 per 1000 discharges can probably be accepted 

as safe. It must however be said that if large numbers of 

discharges are occurring, then the likelihood of ignition is still 

significant. 

When the probability of a discharge from an electrostatically 

charged source igniting a particular flammable atmosphere is 0.001 

then it can be said to be on the threshold of ignition. The 

equivalent energy of a discharge defined as the minimum ignition 

energy of the flammable gas or vapour atmosphere, for which the 

probability of ignition is 0.001 (Incendivity O.OOIp), is considered 

to represent the maximum igniting power of the discharge from that 

source. 

The maximum surface charge density which can exist on any 

surface is limited by the break down strength of air above it. 

When a spherical earthed electrode approaches a charged insulating 

surface an opposite charge is induced on it. As the two 

surfaces are brought closer together the electric field increases 
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and eventually the air breaks down forming a multi-channelled 

discharge (brush discharge). The movement of the surface charges is 

determined by the surface resistivity and the tangential component 

of the resultant electric field strength on the surface. In the 

case of highly insulating materials the charge is not mobile and a 

small area is discharged. When an electrode is brought near the 

surface of a highly charged bulked powder some particles move in the 

direction of the tangential component of the resultant field. 

The incendivity of brush discharges from positively charged 

surfaces are much less than from negative surfaces. Tolson (1981) 

found no ignition of propane with discharges from a positive 

surface. It was also found that a positive surface charge density 

of 17 pC m ^ was required to ignite hydrogen whereas a negative 

surface charge density of -3.8 pC m"^ would ignite the same gas. 

Lovstrand (1981) explained this by the different character of the 

positive brush discharges which do not form luminous channels but 

only weak luminous cones at the electrode surface. 

1-7 Aims of the Research 

The assessment of electrostatic ignition hazards requires an 

understanding of the electrostatic processes liable to occur in 

practical situations and the ability to relate these processes to 

quantitative safety criteria. Since practical interest centres 

around the selection of actions to avoid hazards, it is important 

to relate electrostatic observations to features of the industrial 

operations [Chubb et al (1979)]. In order to define the hazard in 

particular pneumatic conveying installations, information is 

required on the magnitude and the polarity of the currents produced 

by the powder flow, and on the effect of changes in such parameters 

as flow velocity, powder resistivity, particle size distribution and 

atmospheric conditions on charge generation. 

In spite of its long history, however, the phenomenon of 

contact electrification is little understood. The main difficulty 

with the study of tribo-electrification of powder particles in 
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pneumatic conveying systems, and the reason why it has not been 

possible to develop an exact mathematical analysis, is due to the 

large number of variables involved and also the fact that data is 

not always readily reproducible. The shortage of experimental 

data on the influence of these parameters adds to the already 

considerable problems. 

Due to lack of understanding of the electrostatic explosion 

hazards in pneumatic conveying and storage systems, a research 

project was first set up in 1979. It was sponsored by fourteen 

inter-national companies and the Health and Safety Executive (UK). 

The work reported in this thesis is the continuation of the research 

project since 1985. 

The objectives of the author's project, which would lead to a 

better understanding of electrostatic explosion hazards arising from 

pneumatic transport and storage of powders, were: 

1. To study the parameters which influence the magnitude and 

polarity of the tribo-charging of powder particles in a 

pneumatic conveying installation. 

2. To identify and quantify possible electrostatic ignition 

sources when the charged powder enters a silo. 

3. To produce a code of practice for the safe handling of 

powders during industrial operations from the 

electrostatic point of view. 

This should lead to a reduction in the risk of explosion, 

giving improved safety for personnel, and economic benefits via a 

reduction in maintenance costs and in some cases via a reappraisal 

of the need for expensive inerting. 
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Chapter 2 



CBAPTER 2 

EXPERIMENTAL FACILITIES AND MEASDRING PROCEnnUKfi 

2.1 Introduction 

Three different pieces of experimental apparatus were used 

during the course of the project. A unique fully instrumented large 

scale silo rig was set up to investigate electrostatic charging 

behaviour and hazards in pneumatic conveying and storage systems. A 

small scale model of the rig was also constructed in an attempt to 

gain better understanding of the transport conditions which lead to 

maximum powder charging. 

Magnitude and incendivity of discharges from the surface of 

charged powders to earthed spherical probes were investigated using 

a hopper rig in the laboratory as well as using the large scale silo 

rig. 

2-2 Industrial Scale Electrostatic Hazards Investiaation 

Figure 2.1 shows the industrial scale experimental rig. It 

consists of a test silo and a storage silo with volumes of 65 m^ 

and 56 m^ and diameters of 4 m and 3 m respectively. The two silos 

are linked by a closed system of steel pipes of 10 cm diameter. The 

powder is pneumatically transported along a pipe run of 40 m from 

the storage silo to the test silo. The run consists of straight 

sections and bends. Pipe bend radii are 1.5 m and the powder is 

lifted over a height of 10 m before entering the test silo. The 

return to the storage silo takes place through a short pipe section. 

The excess air in the silo is passed through a filter unit 

which is situated on top of the storage silo before being used for 

powder conveying again. 
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Test Silo 

Storage Silo 

Conveying Pipe 

Figure 2.1b Industrial Scale Experimental Rig (Narchwood Silo Rig) 
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Figure 2,lb Industrial Scale Experimental Rig (Marchwood Silo Rig) 
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