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GENERATION OF ELECTROSTATIC CHARGE IN FUEL HANDLING
SYSTEMS: A LITERATURE SURVEY

INTRODUCTION

A number of survey articles on electrostatic charge generation in fuel handling systems have
appeared [1-5] since Klinkenberg and Van der Minne published their monograph on the subject {6].
The most recent and comprehensive literature survey was completed in 1973 by Bachman and Munday
{7]; this survey, which included nonmetallic systems, contained an annotated bibliography with 71
references. No attempt was made in the present survey to include all of the references from the earlier
works. Instead, the present survey concentrates on the period 1973-1980. The few references prior to
1973 that are mentioned are those that the author feels were either overlooked or are required for the
development of the current survey.

Since considerabie research has been done on electrostatic charge generation by hydrocarbon fuels
in metallic systems [8-13], this survey will begin with a discussion of how charge is generated in a typi-
cal fuel handling system in which fuel flows through a pipe, pump, filter/separator and finally into a
receiving tank (tank truck, refueler or aircraft). With the exception of the rubber fueling hose and the
media used in the filter/separator elements, which may be paper, fiberglass, or Teflon-coated screen, all
of the components of this system are metal.

In the second part of this review, the special conditions imposed on the static charge generation
and dissipation processes by the use of nonconductors in place of metal in the pipe or in the receiving
tank are considered.

CHARGE GENERATION IN METALLIC FUEL
HANDLING SYSTEMS

Whenever a hydrocarbon liquid, such as jet fuel, flows with respect to another surface, a charge is
generated in the liquid [3]. Although the exact nature of the charging mechanism is not completely
understood, it is generally held that the charge is due to ionic impurities present in the hydrocarbon in
parts-per-million or parts-per-billion quantities. When the fuel is at rest, the impurities are adsorbed at
the interface between the fuel and the walls of the container, with one part of the ionic material show-_

_ing a rather strong attachment for either the fue] or the solid surface. This type ot attachment is illus-

trated in Fig. la which shows tuel in contact with the wall of a metal pipe. In this example, the nega-
tive portion of the ionic material is depicted as being more strongly attracted to the solid surface, but
since the numbers of positive and negative charges are equai, there is no net charge on the fuel. How-
ever, when the fuel begins to flow (Fig. 1b), the positive charges are swept along by the fuel while the
negative charges leak to ground. Thus, the fuel acquires a net positive charge as it moves through the
system. In a similar manner, the fuel would receive a negative charge if the positive portion of the
ionic material were preferentially adsorbed at the solid surface.

Manuscript submutied February 26. 1981.
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Fig. 1 — (a) Fuel at rest in a pipe showing adsorption of ionic impurities at pipe wall
(b) Separation of charge as fuel flows through pipe.

A number of authors have proposed equations for calculating the streaming current developed by
the flow of hydrocarbon liquids in metal pipes. Most of these studies were completed prior to 1973 and
were reviewed by Bachman (7] and also by Gibson [14] and hence are not repeated here. References to
two Russian works appear to have escaped attention previously, namely Zhukov [15], who studied
streaming currents in petroleum ether, and Obukh et al. [16], who employed Koszman and Gavis’
equation to calculate the streaming current in jet fuel during tanker loading. The conclusion from these
references is that the process by which the streaming current is calculated is rather complex and
involves a combination of the parameters that determine the distribution of charge in the liquid (e.g.
the dimensions of the double layer, ionic mobility, and the conductivity of the liquid) and the flow
pattern of the liquid (e.g. viscosity, flow velocity and the pipe diameter and length). For a given liquid
in a particular system, most of these parameters can be expressed as a constant. Gibson and Lloyd, for
example, found that the streaming current for toluene in pipes of diameter 1.6 to 10.9 cm and length of
29 m could be estimated from the following equation [17]:

where _
i = Streaming current for infinite pipe length,
A = Constant,
V = Linear flow velocity (cm s~),

and

d = Diameter of pipe (cm).

The introduction of a filter/separator into the fuel handling system, as is done in tank truck load-
ing and aircraft fueling, presents a somewhat more complicated picture than flow through a pipe, pri-
marily because filters greatly increase the level of charge on the fuel. A typical aircraft fueling opera-
tion is illustrated in Fig. 2, together with an indication of the level of charge on the fuel as it passes
through each piece of equipment [2]. Since charge separation is a surface effect and since
filter/separators provide a tremendous amount of surface area upon which charge separation can take
place in a comparatively short period of time, the level of charge on the fuel emerging from the
filter/separator may be increased by a factor of 100 or more as compared with flow through the hydrant
line. A more detailed illustration of the charge separation process in a typical two-stage filter/separator
is presented in Fig. 3. The first stage, the filter-coalescer, removes dirt and coalesces water. The
coalescer may charge the fuel positively, as shown in the figure, or negatively. The second stage, the
water separator, allows the fuel to pass but causes the coalesced water to settle out. The coalescer may
increase the charge on the fuel if it develops the same sign of charge as the separator, or decrease it if
it produces charges of the opposite sign.

When the charged fuel arrives at the receiving tank, either of two possibilities will occur: (a) the
charge will relax harmlessly to the walls of the tank or, (b) if the conductivity of the fuel is sufficiently
low, the charge may accumulate giving rise to high potentials on the fuel surface. If somewhere on the

[39)



Fig. 2 — Generation of electrostatic charge during
aircraft fueling {2}

FILTER-COALESCER

NRL REPORT 8484

Current
Carried
* By Fuel

Filter/
Separator

Refueler

Inlet Valve

Aircratft

WATER SEPARATOR

CURRENT
IN FUEL

A. SEPARATOR ADOS
CHARGE ’

\ B. SEPARATOR NEUTRALIZES

CHARGE

T em -

Fig. 3 — Charge separation in a filter/separator {2]

fuel surface the local potential exceeds the breakdown value for the vapor space, a discharge will occur
as depicted in Fig. 4. Whether or not the vapor will ignite depends on the composition of the vapor

and the nature of the discharge.

The composition of the fuel/air mixture in the vapor space is dependent upon the temperature,
the fuel type and the physical state (vapor or mist). As suggested in Fig. 5, not all fuel/air mixtures
can be ignited. Instead, there is a definite concentration range over which mixtures of each hydrocar-
bon in air will burn. This is called the flammable range. For a material such as n-octane, a hydrocar-
bon found in some jet fuels, the flammable range extends from 0.92 t0 6.5 percent of n-octane in air.
If the upper limit of this range is exceeded, the mixture becomes too rich in hydrocarbon to be ignited.
Likewise, if the fuel vapor concentration falls below the lower limit, insufficient hydrocarbon is present

in vapor space to sustain combustion.
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Since the amount of hydrocarbon present in the air is proportional to the temperature, the flamm-
able range can also be expressed in terms of temperature limits. Figure 6 presents the temperature-
flammability limits for several common fuels. Aviation gasoline (Avgas), for example, is seen to be in
the flammable range from ~40 to —6.7°C. Above —6.7°C, equilibrium mixtures of Avgas in air are too
vapor-rich to be ignited. For jet fuel, JP-4, the flammable range extends from —37 to approximately
24°C. Above 24°C, JP-4 passes into the vapor-rich region. For kerosene, the lower flammability limit
corresponds to about 38°C, for JP-5 and for Diesel Fuel Marine (DFM) it is 60°C.

The temperature-flammability limit concept applies only to situations in which the liquid fuel is in
equilibrium with its vapor. Consequently these limits should be used only to estimate the composition
of a fuel/air mixture in a quiescent tank. At best, they can serve only as a rough guideline in describ-
ing the situation that exists during tank filling or aircraft refueling. In practice, these conditions may
vary widely from ideality, especially during the initial stages of filling an empty tank. With kerosene,
for example, "flammable” fuel/air mixtures can be produced during fueling at temperatures far below
the lower flammability limit for that fuel (Fig. 7) [18]. In this case, however, the flammable mixtures
consist of a foam or mist generated by the splashing action of the fuel or by the fuel inlet vaive if it is
not submerged. It is interesting to note that in three explosions that occurred during the fueling of a
commercial jet aircraft, kerosene was ignited at temperatures far below its flash point; as much as
30.5°C below the flash point in one case.
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Fig. 7 — Minimum spark ignition energies for fuel/air spray mixtures {18}

In addition to the presence of a flammable vapor, the second requirement for ignition is a
discharge of sufficient energy and duration. The minimum amount of energy required for a spark
discharge to ignite an optimum hydrocarbon fuel/air mixture under ideal conditions is 0.26 millijoules
(mJ) (19]. By optimum fuel/air mixture is meant the most easily ignited mixture of fuel in air and
ideal conditions refer to glass-flanged metal electrodes at a gap of 0.5 cm (0.2 in.). As conditions
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depart from ideality, the energy requirements increase. Thus, changing the fuel/air mixture, the elec-
trode geometry or the gap distance will increase the amount of energy required for ignition. Also, sub-
stitution of a high resistivity material, such as a hydrocarbon fuel surface, for one electrode increases
the energy requirements for ignition. As an example, the amount of energy required for a discharge
from a fuel surface to ignite a propane/air mixture was reported to be 4.7 mlJ, eighteen times the
energy required to ignite the same mixture with a spark discharge between two metal electrodes [20].
Although 4.7 mJ may not be the absolute minimum ignition energy for a discharge from a fuel surface,
it is apparent that the minimum must be in the range of 0.26 to 4.7 mJ. If so, then the minimum igni-
tion energy for a discharge from a fuel surface is not quite as high as previously supposed.

The amount of charge on a fuel when it arrives at the receiving tank (and hence its propensity for
producing an incendiary discharge) depends upon:

(a) the amount of charge generated in the filter/separator, which varies with the filter media and the
nature of the impurities or additives in the fuel,

(b) the flow rate,
(c) the residence time of the fuel in the system downstream of the filter, and
{d) the electrical conductivity of the fuel, which determines the rate at which the charge relaxes.

The relaxation time for a fuel can be calculated from the following equation.

Q, - Qoe-—rk/eeo

where Qg = initial charge (uC/m’)
Q, = charge after time, ¢ (uC/m?)
¢t = elapsed time (seconds)
k = rest fuel conductivity (Siemens/m)

¢ = relative dielectric constant, a dimensionless
quantity which varies only slightly for hydrocarbon

fuels and has a value of about 2
€y = the absolute dielectric constant of a vacuum
(8.854 x 1012 ampere seconds/volt meter).

Since charge relaxation is an exponential process, it is customary to define relaxation time, r, as
the time required for the original charge to decay to 36.8% of its original value. When

Qt €€, _
60- = 0368, ke = 1

and r is related to k by the following relationship:

0 _ 177 x 1070
k k ’

18 x10~12

—

r -~
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The conductivity of fuels is often described in terms of conductivity units, CU, or, in the Interna-
tional System, picosiemens/meter. These units are related as follows:

1 CU = | picosiemens/meter (pS/m)
= 10~12 Siemens/meter

= 102 mhos/meter.

According to the above equation, the relaxation time for fuels would be expected to vary with rest
conductivity as follows:

Conductivity, Relaxation Time,

pS/m s
0.01 1800
0.1 180
1.0 18

10.0 1.8

100.0 0.18

A survey of the electrical conductivity of turbine fuels (Fig. 8) showed that 38% of the Jet A
samples had conductivities of less than 1 pS/m [21]. These resuits indicate that relaxation times in
excess of 18 s would be required to reduce the charge on almost haif of the turbine fuels to 36.8% of
their original value. Since the residence time of the fuel in the hoses downstream of the second filter/
separator in a typical aircraft fueling operation (Fig. 2) is at most only a few seconds, the above data
would suggest that for lower conductivity fuels most of the charge generated at the filter arrives at the
aircraft tank undiminished. Fortunately, this is not always the case. Bustin et al. [22] have shown that
if the conductivity of the fuel is less than 1 pS/m the charge relaxes faster than predicted by the above
(ohmic) equation. A comparison of the relaxation behavior for a 0.01 pS/m fuel using both the ohmic
and Bustin’s hyperbolic theories of charge relaxation is shown in Fig. 9. The experimental data points
for the low conductivity fuel follow the hyperbolic theory and show that in 30 s, over 70% of the charge
on the fuel has relaxed as compared with less than 5% predicted by the ohmic theory. For the 1.0
pS/m fuel, the experimental data follow the ohmic theory. Bustin’s theory and a wealth of experience
have shown that 30 s relaxation time is sufficient to remove most of the charge on a fuel regardless of
its conductivity. The American Petroleum Institute recommends at least 30 s relaxation time down-
stream of filter/separators [23].

The effect of impurities and additives on both fuel conductivity and electrostatic charging ten-
dency is an important aspect of the problem which is still not compietely understood. Leonard and
Bogardus (24,25] have investigated the effects of 46 polar and ionic compounds and 24 fuel additives
on both the conductivity and charging tendency of jet fuel. Of all the materials tested, only one, water,
was found to be a true pro-static agent, i.e., a material that greatly increases the charging tendency of
the fuel without a corresponding increase in conductivity. Moreover, it was not water per se, but rather
its interaction with the additives or the naturally occurring impurities in the fuel which was responsible
for its pro-static effect. Since fuels vary widely in the nature of the additives and impurities they con-
tain, they likewise vary widely in their response to water. Other materials, e.g., petroleum sulfonates,
an antioxidant and a corrosion inhibitor were found to exhibit pro-static characteristics, but were not as
effective as water. Lewis and Strawson [11] found that polysuifones, amines and suifonates at concen-
trations as low as 1 ppm can increase the charging tendency of fuel several hundredfold without a
corresponding increase in conductivity. Russian workers have also reported that additives increase the
charging tendency of jet fuels [26] but that drying fuels increased the charging tendency in tube charg-
ing studies [27]. Exposure to daylight was reported to decrease the charging tendency but increase the
conductivity of jet fuels {28].
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