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INTRODUCTION: The prevention of fires and exp]osions resulting from

electrostatic discharges in aircraft fuel systems is of special concern to
aircraft designers and operators. The purpose of this Aerospace
Information Report (AIR) is to assist in reducing the hazard by a review
of the physics of electrostatic phenomena, a brief survey of electrostatic
incidents and accidents, and a recounting of design practices which reduce
the hazard. This document is not a complete design guide; extensive
research and testing will be required to produce a successful design.

An excellent review of the literature hy Leonard (Ref, 1) and a record of

experien PI, Ref. 2)
are useful supplements. The API has summarized the conditiens{necessary
for an incendiary electrostatic discharge as follows:

o There must be a mechanism to generate electrostatic charge

0o There must be a means to accumulate electrostatic ccharge in|enough
quantifty to produce an incendiary spark

o There must be a means of discharging the accumulated electr¢static
chargel in the form of an incendiary spark, that is, a spark|gap

0 There must be a combustible vapor in the spark gap

The hazargd, then, may be eliminated by designing to prevent ong or more of
these necpssary conditions.

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=9b97e178d0b9e1518628bd8bac9f9987

SAE AIRxLkb2 &4 M 4357340 0005443 0 M

o

-3 -

PHYSICS OF ELECTROSTATIC CHARGE GENERATION AND ACCUMULATION IN AIRCRAFT
FUEL SYSTEMS: When a hydrocarbon Tiquid such as jet fuel flows past a
surface, positive and negative electrostatic charges can be separated
along the surface. While the precise nature of the charging mechanism is
not known, it appears to be associated with the presence of minute
quantities of ionic impurities in the hydrocarbon. Ionic impurity
mechanisms for charge generation on either metallic or non-metallic
surfaces have been proposed by Leonard and others (Ref 1); whatever the
actual mechanism, it is an observed fact that a hydrocarbon liquid flowing
over a surface can acquire a charge, with the contact surface acquiring

the opposite Tharge, Figure I shows a pipe wattwithanaffinity for
FUEL NEAR PIPEWALLS IONIC DURING FLOWCHARGES
IMPURITIES Aasonreo AT INTERFACE SEPARATE, ARE CARRIED BY FUEL
— T - PIPE WALL
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Figure|1. Proposed Charge Generation Mechanism (Ref 1)

(b) Separation of Charge as Fuel Flows Through Pipe

negative charge, resulting in a net positive charge in the body of the
fuel. If the fuel is set into motion and charge is separated, the
immediate re-association of the separated charges is hindered by the very
Tow electrical conductivity of highly refined hydrocarbon fuels. Charge
is therefore convected away by the 1iquid flow, in opposition to the
electric field between the 1liquid and its surroundings, creating a
potentially hazardous condition. Whether the fuel becomes positively
charged (as shown in Figure 1) or negatively charged depends on the
combination of fuel, impurities and containers involved.
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One of the main charge generators during aircraft refueling is the ground
refueling equipment dirt filter/water coalescer-separator unit (Fig. 2);

FILTER-COALESCER WATER SEPARATOR
iy I
’/
\'\' | y
FUEL FLOW —— - TR T

A. SEPARATOR ADDS CHARGE

NET
STREAMING
CURRENT
IN FUEL

\\B. SEPARATOR NEUTRALIZES CHARGE

—

S — -

Figure 2, Charge Separation in a Filter/Separator (Ref 1)

the separator may add to the charge produced by the filter-coalescer
(Fig. 2a) [or tend to neutralize it (Fig. 2b); with another fuell, the net
charge prlduced might be of opposite sign. In general, any filfter has the

potential |[to.bé a prolific charge generator because of the very| large
surface areas involved.
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As charged fuel flows through refueling hoses and pipes and enters the
aircraft tanks (Fig. 3), charges have an opportunity to be ‘eliminated by

CURRENT T
CARRIED
BY FUEL

FILTER/
SEPARATOR
~

AIRCRAFT |

REFUELER

INLET VALVE

Figure 3. Generation and Neutralization of Electrostatic
Charge During Aircraft Fueling (Ref 1)

migrating to the walls and re-associating with the opposite charge, a
process described as relaxation. The process of the recombination of
charges can be described as a function of time. If the fuel flows into a
grounded container, and if the flow is terminated after a total charge

Qo has been accumulated in the container, experiments show that the
mutual repulsion of the like charges im the fuel tends to cause them to
migrate in the direction of the 1iquid fuel boundaries which are the

E7 3%
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normally grounded container walls and the electrically isolated fuel-air
interface. The charge remaining in the container after a time r from the
start of an observation interval can be approximated as

-7k
Qr eoe

Q;:e

where Q, is the initial charge {Coulombs)
Q7 is the charge at time 7 (Coulombs)
T i ime (seconds)
k [is the fuel rest electrical conductivity (Siemens/m)
e |is the relative dielectric constant compared to vacuup (for
hydrocarbons, € ~ 2)
e |is the dielectric constant of vacuum (8.854x10512 amp
seconds/volt meter)

1374

re

It is cudtomary to quote a characteristic "relaxation" time for electrical
charges, [normally the time required for the original charges to be reduced
by a factlor 1/e as they flow to the grounded walls. Defining the

relaxatidgn time as ¢, it follows that

-12
¢k €0° . 18x10
€

—(—)—g:l or §=T R —

It is alspp customary to describeithe electrical conductivity of fuel in
terms of fconductivity units (CU)
1 CU = 1 pijcoSiemen/meter{pS/m)
1012 Siemen/meter
r1012 ohm meterd+1

Jet fuel jelectrical conductivity without antistatic additive ngrmally
ranges from 0.1>to 20 CU (Ref. 1), so that typical relaxation §imes range
from 180 to 0%9 seconds according to the above equation. In agtuality,
the relaxation time for fuels of very Tow conductivity is shorter than the
predictioh—of—the—equation;andacceptedpractice—is—that30-seconds is
sufficient to remove most of the charge from fuel after the end of a
filtering operation (Ref., 2).
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During fuel flow into a receiver such as an aircraft fuel tank, charge may
be introduced with the fuel at the same time that the charge already
present is relaxing., If the charging rate is more rapid than the rate of
relaxation, then charge will continue to accumulate in the tank and create
potentially hazardous situations. As shown in Figure 4, the residual

Figure 4. _Discharge from Fuel Surface to Tank (Ref 1)

charge which migrates toward the fuel-air interface tends to produce a

charged region near the surface, causing strong electric fields which can
Tead to discharges to nearby grounded objects.

In some military aircraft which contain explosion suppressant foam in
their tanks, charge may also be produced within the fuel tank depending on
how the refueling flow is introduced into the tank. Even though the fuel
may not be charged as it enters the tank, if the incoming fuel impinges on
the foam with substantial flow rate or velocity, the foam presents a very
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large surface area on which charges can be separated. One charge type
will reside on the foam, while the opposite charge will be convected away

as the fuel percolates through the foam.

In this case, the charge

residing on the foam is the principal hazard, and can be of either
polarity depending on the type of foam used.

INCENDIVITY OF ELECTROSTATIC DISCHARGES:

The strength of the electric

field produced in the vapor space (ulTlage) above a fuel is roughly

proportional to the quantity of charge present.

If the electric field

strength reaches a critical value, called "the breakdown value", a
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Discharges in fuel tanks may also be from one metal surface to another.

If a fuel or foam surface comes in contact with an ungrounded metal object
in the fuel tank, some of the charge contained in the fuel or foam will
migrate into the metal object (Fig. 6). If the accumulation of charge on

ENERGETIC SPARK

DISCHARGE
HIGH ENERGY \ I TAL
SPARK DISCHARGE _ RHOJECTION
UNBONDED CHARGE \\\\\qi Aﬁkim____mL W ENERGY
COLLECTOR e 1\ CORONA
= #L%@-e' FTE e e e £+ % = SRARK DISCHARGE
- vEE s s + 44 -
- & ¢ % & -
o A B S R -
- o ¥ & -
S & & & &g -
INLET £ AP & =
i it te s & & -
=T —— "t’f’ ¢ & &(e @ -
LOCALIZED INTERNAL DISCHARGE =

Figure 6. Sources of Static Discharge in a Tank

the ungroupded metal object causes its voltage to reach a suffiqient
value, it ¢an-in turn discharge to a grounded metal object; a tijght arc

will resultCand

all of the charge collected will be transferred [in a very

short time.—Because of the tengtiramdtemperature of the—arc;, this
situation can be very hazardous.
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4. CRITERIA FOR IGNITION: The probability of an electrostatic ignition event
depends on whether the discharge occurs between metal objects, or between
a dielectric (e.g., fuel, explosion suppressant foam) and a metal object,
and on the flammability of the ullage, the energy of the discharge, and
the energy density (energy per unit volume) of the discharge.

4,1 Metal to Metal Discharge - Ignition Criteria: This situation can arise
in fuel tanks when a discharge occurs between an ungrounded object in
contact with fuel (or explosion suppressant foam) and a grounded metal
object in the ullage space; such discharges have high energy density. It
is possible to measure the voltage (Vg) at the time of this didcharge,
and to medsure the capacitance (C) of the system comprised of Yhe metal

objects. [With this data, the energy (E) stored in the system immediately
prior to discharge can be calculated:

1 2
E = ?'CVB

By varying fuel-air ratio and the configuraton.of the metal objects, the
minimum ignition energy and most easily ignited (optimum) fueldair ratio
could be flound, at least in principle (Figi 7).
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In actuality, the experiment just described has not been performed, and
instead tests have been made using the configuration of Figure 8.

VESSEL CONTAINING SPARK GAP
COMBUSTIBLE MIXTURE —»(\ / 'T\
\./ )
SWITCH
CAPACITOR
e
el
o VM1 swiTcH
VOLTMETER | {
]
l D.C. SOURCE

Figure 8. Schematic of Standard Minimum Energy Measurement Apparatus

A reaction vessel <containing two electrodes is filled with a fuel-air
mixture. | The electrodes are connected through a switch to a cppacitor
which can| be charged to various voltages. The above equation [is used to
compute the ‘enérgy stored in the capacitor, and this energy is| assumed to
be dissippted in the gap between the electrodes during the disgharge. As
the result of measurements of this type, the minimum ignition energy that
has been calculated is 0.26 millijoules (mJ) for glass flanged metal
electrodes with a 0.5 cm gap and the optimum hydrocarbon fuel-air ratio
(Ref, 3), If the gap distance, mixture ratio or electrode geometry are
changed, the ignition energy will also change. The cited value (0.26 mJ)
is usually taken as the minimum ignition energy, and any configuration in
a fuel tank with values of C and Vg which cannot exceed this energy

value is usually regarded as safe.

However, the assumption that all the capacitor's stored energy is
dissipated in the gap is questionable. By measuring the extremely short
discharge times from an oscilloscope trace (Fig. 9), it is clear that
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TEST CONDITIONS :
@ DISCHARGE FROM FOAM SPECIMEN

—

® 1INCHBALL
@ 0.7 INCH GAP

2001\ 20 r!Q

Oy

CHARGE TRANSFER = f[l dt
=50 nC
Vi
‘ \
100 150 200 250 300

TIME (NANOSECONDS)

Figure 9. Typical Oscillograph Trace and Trace After Data Reduction (Ref 6)
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very high frequency phenomena are involved, and thét substantial amounts
of energy can be expected to be radiated by the wires carrying the

capacitor

energy to the gap.

Estimates are that between 10 and 50% of

the capacitor energy can be radiated (Ref. 4); thus the actual energy
dissipated in the gap at the minimum ignition condition may be less. A
series of experiments using the first proposed configuration would go far
to resolve this uncertainty.

Dielectric to Metal Discharge - Ignition Criterion:

This situation

applies to the case of discharges from a foam or fuel surface to a
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4,3 Influence of Temperature: The influence of temperature on minimum
1gnition energy has been investigated. The preponderant effect of
temperature is traceable to its effect on the fuel-air ratio in the
ullage space of fuel tanks. For situations in which the fuel is at
equilibrium with its vapor, an increase in temperature increases the fuel
vapor pressure and thus the fuel/air ratio (Fig. 10). The flammability

700
RICH S ot IS
TOO MUCH HYDROCARBON #5338 8o0ce et

VAPOR PRESENT AT HIGH ¢ 020%8000200

0090000 0900

TEMPERATURE °o°°°°°°°°°o
) Lo

FLAMMABLE RANGE sve o b o ©

©6©° %50 ° L
FUEL VAPOR-AIR MIXTURE' _ o % °, o o
WILL SUPPORT COMBUSTION o 2 ° © °,
T00 e L
LEAN o

{ INCREASING FUEL TEMPERATURE >

TOO LITTKEHYDROCARBON o o
VAPOR PRESENT AT LOW .
TEMPERATURES ° °

Figure 10. Flammability Concept (Ref 1)
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Timits of common fuels (including aviation gasoline and diesel fuel
marine) are shown in Figure 11; evidently the vapor space

. P54
160 ﬂ_zo . OR
wolle =~  KEROSENE| DF

100-H T4
so-H[T¥
o H

(©° FAHRENHEIT)
1
B
{ © CELSIUS)

Figure 11. | Approximate Temperature Flammability Limits for Common Fuels. This is the

With the €uel will Form a Flammable Mixture With Air. (Ref 1)

:’2‘1-; = el .. -
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is not flammable when the fuel/air ratio is below the lean 1limit or above
the rich 1imit, independent of spark ignition energy. Within the
flammable zone, there is an optimum fuel/air ratio at which the fuel is
most easily ignited, and above or below which the ignition energy
required increases. Figure 12 shows the decrease in minimum ignition
energy with increased temperature for a fuel-air spray.

100.0 T T ¥ Y T |
800
80.0 | d
400 ’ 4
KEROSENE —
° AIR SPRAY
1 200} . .
£
B
5 100}
£ 80 |-
% 6.0 ;\
; 40 |
z ,\
2 @
2| 20}
z
=
10 }
0.8
0.6 |- GASOLINE —AIRSPRAY © -
04 . N
- FLASH POINT TEMPERATURE
FOR INDICATED FUELS
0'2 1 (] p [ ] 4
£60 25 0 25 50 75 100 125
TEMPERATURE, °F

Figure 12. Minimum Spark Ignition Energies for Fuel/Air Spray Mixtures (Ref 1)

4.4 Effects of Fuel Mists: In the event that the fuel is not in equilibrium
with 1ts vapor, the usual temperature-vapor pressure expression for fuels
does not apply. This is of special concern at temperatures where
equilibrium relations would indicate the fuel-air ratio is too lean to
burn. For example, in high speed fueling when mists can be created in
the vapor space, the fuel mist can produce a flammable condition even at -
very low temperatures. This is because the vapor pressure in proximity .

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=9b97e178d0b9e1518628bd8bac9f9987

5-

- 19 -

to a fuel droplet can be significantly higher than the vapor pressure of

the bulk fuel,

following

Py
In (po) =

equation (Ref. 7):
ZMy where: is the droplet mass
RTpr ‘ is the droplet vapor pressure

o is the bulk fuel vapor pressure

the equation)
is the temperature (absolute)

The effect is given, at least approximately, by the

is the gas constant (for air to the accuracy of

is—thedropltetradius
is the fuel density
is the fuel surface tension

< "3 TT X

This incredase in vapor pressure in mist filled ullages, accounts

for the

flammability of fuel mists of otherwise room temperature safe fluels such as

kerosene,

CAUSE AND PREVENTION OF ELECTROSTATIC HAZARDS “IN AIRCRAFT:

mechanisms
fuel tanks,

and to migrate toward grounded metal surfaces.

5.1 Causes of

the resultd

Figure 12 shows that kerosene-air sprays<can be ignilted at
temperaturles well below the commonly accepted flash point.

A nuymber of

have been identified which can introduce electrostatiic charge into
As soon as charge is introduced, there is a tendendy (because of

the resultdnt electric fields) for the charges to separate from

each other,

For a given eleqtric field,
the mobility of the charges varies directly as the fuel conductivity.
rate of infroduction of charge exceeds the rate at which charge
migrates t¢

If the
either

the walls or is othérwise neutralized, charge will dccumulate,
nt electric fields will intensify, and a discharge will result.

If there arte flammable vapors ‘present and if the discharge has gufficient

energy, an

ignition may occur.

Electrostatic Hazards:

traceable

o Fuel flq

These)mechanisms are not always obvious.

wing"through a pipe at high velocity will acquire a 1

If the g

jpe is metal and grounded, the opposite charge which

The cause of electrostatic hdzards is
to mechanisms to generate charge and to permit the ciharge to
accumulatgq.

et charge.
is 1eft on

the pipe surface will flow to ground.

If the pipe is a non-conductor such

as nylon or teflon, not only is charge carried off by the fuel, but in

addition the opposite charge will build up on the surface of the pipe, and
can accumulate to the point that pinhole electrostatic discharge punctures
of the pipe itself are produced.

o In aircraft ground refueling systems, the filter-separators used to remove
dirt and water present large surface areas over which charge can separate

in flowing fuel.

In hydrant or tank truck refueling systems,

the filter

separator can create up to 200 times the charging rate that would

otherwise occur in the refueling lines (Ref. 2).

A

Distributed under license from the IHS Archive

- . e e



https://saenorm.com/api/?name=9b97e178d0b9e1518628bd8bac9f9987

'SAE AIR¥1bb2 &4 BN 8357340 0005500 7 mm.

NUMBER OF AIRCRAFT INVOLVED

- 20 -

o Some military aircraft use explosion suppressant foam in their fuel tanks
to reduce combat vulnerability. These foams are a sponge-like material
composed of skeletal networks of tiny lightweight strands of
polyester-polyurethane or polyether-polyurethane. Unless precautions are
taken, entering fuel can impinge on the foam and depending on the porosity
of the foam, the impingement velocity, and the surface area impinged upon,
can constitute a potent charge generator. In such a case, as with plastic
pipes, one charge is left on the foam, and charge of the opposite sign is
convected away by the fuel. The charge which resides on the foam (which
is a good insulator) cannot easily migrate to ground, and so can quickly

accumulate—te—+eve+s—where—aﬁ—+ﬁeeﬁd+aﬁy—d+sehaﬂge—eaﬂ—eeeu%n Incidents
traceable to the presence of explosion suppressant foam begap to surface

in 1974 (Fig. 13) and continue to be a problem for the military services.
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Figure 13, Aircraft Accidents Attributed to Static Electricity (Ref 1)

When incendiary events induced by discharges occur in foam protected
tanks, the foam prevents explosion, and prevents large scale fire
spreading; however, the charred foam must be replaced which is an
expensive, time consuming task. Subtle problems with explosion
suppressant foam found in the past have included the following:

1.
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