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1. SCOPE:

This SAE Aerospace Information Report (AIR) provides background information, technical data and
related technical references for minimization of electrostatic hazards in aircraft fuel systems.

Technigues used to minimize the electrostatic hazard include:

a.
b.
C.

d.
e.
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3. PHYSICS OF ELECTROSTATIC CHARGE GENERATION AND ACCUMULATION IN AIRCRAFT
FUEL SYSTEMS:

When a hydrocarbon liquid 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. lonic impurity mechanisms for charge generation on either metallic or non-metallic
surfaces have been proposed by Leonard and others (Reference 1); whatever the actual mechanism,

it is an observed
contact surface

charge, resulting
charge is separg
low electrical co
by the liquid flow
potentially hazal
or negatively ch

fact that a hydrocarbon liquid flowing over a surface can acquire a
hcquiring the opposite charge. Figure 1 shows a pipe wall with-an-a
in a net positive charge in the body of the fuel. If the fuel is Set’intg
ited, the immediate re-association of the separated charges. is hinde
nductivity of highly refined hydrocarbon fuels. Charge is, therefore,
, in opposition to the electric field between the liquid and its surroun
dous condition. Whether the fuel becomes positively charged (as s
hrged depends on the combination of fuel, impurities, and container

charge, with the
ffinity for negative
motion and
red by the very
convected away
dings, creating a
hown in Figure 1)
5 involved.

FUEL NEAR Pt LS 1ONIC PURING FLOW CHARGES
e s e s SEPARATE, ARE CARRIED BY| FUEL
WALL
FIIFFTIFTFFFTF e * + + 4, L
WALL ++ 4 [
t1+ 12|ttt ettt ++ + F
¥ GROUND W GROUND
a. b.
(a) Fuel Near Bodndary Experiences Absorption of lonic Impurities at Pipe Wall
b} tiar of Charge as Fuel Flows Through Pipe

FIGURE 1 - Proposed Charge Generation Mechanism (Reference

1)
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3. (Continued):

One of the main charge generators during aircraft refueling is the ground refueling equipment dirt filter/
water coalescer-separator unit (Figure 2); the separator may add to the charge produced by the filter-
coalescer (Figure 2A) or tend to neutralize it (Figure 2B); with another fuel, the net charge produced
might be of opposite sign. In general, any filter has the potential to be a prolific charge generator
because of the very large surface areas involved.

kILTER-mALESCER WATER SEPARATOR

FUEL|

A, SEPARATOR ADDS CHARGE

NE
STREAMING
CURRENT
IN FUEL

\\I. SEPARATOR NEUTRALIZES CHARGE

~§-—-

FIGURE 2 - Charge Separation in a Filter/Separator (Reference 1

~—

As charged fuel fflows through refueling hoses and pipes and enters the aircraft tanks (Figure 3),
charges have an opportunity to pe-eliminated by migrating to the walls and re-assocjating with the
opposite charge| a process described as relaxation. The process of the recombinatipn of charges can
be described as|a functionftime. If the fuel flows into a grounded container, and iff the flow is
terminated after|a total charge Q, has been accumulated in the container, experimepts show that the
mutual repulsior] of the like charges in the fuel tends to cause them to migrate in the| direction of the
liquid fuel boundaries which are the normally grounded container walls and the elecfrically isolated
fuel-air interfacel—Ehe-charge remaining-in-the container after a time om-the startlof an observation
interval can be approximated as shown in Equation 1:

-tk
e,e

Qt
=~ =e (Eq. 1)
Q,
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FIGURE 3 - Generation and Neutralization of Electrostatic
Charge During-Aircraft Fueling (Reference 1)

3. (Continued):

where:

Q,, = Initial charge (Caulombs)

Qt = Charge at time't (Coulombs)

t = Elapsged time-(Seconds)

k = Fuel rest.electrical conductivity (Siemens/m)
e= Relaqive dielectric constant compared to vacuum (for hydrocarbons, e ~ 24)
e, = Dielectric constant of vacuum (8.854 x 10 ampere seconds/volt meter)

It is customary to quote a characteristic "relaxation" time for electrical charges, normally the time

required for the original charges to be reduced by a factor 1/e as they flow to the grounded walls.
Defining the relaxation time as z, it follows that:

ee -12
ﬂ:1 or Z:f~—18x‘(10 (Eq. 2)
ee
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3. (Continued):

It is also customary to describe the electrical conductivity of fuel in terms of conductivity units (CU):

1CU

= 1 picoSiemen/meter (pS/m)

= 10712 Sjemen/meter
= [10"12 ohm meter]?

Jet fuel electrical conductivity without antistatic additive normally ranges from 0.1 to 20 CU

(Reference 1), s
actuality, the rel
equation, and a(
the end of a filte

During fuel flow
the same time th
rate of relaxatior]
situations. As s
tends to producs
discharges to ng

Fing operation (Reference 2).
nto a receiver such as an aircraft fuel tank, charge ynay be introduc
nown in Figure 4, the residual charge which, migrates toward the fue

b a charged region near the surface, causing‘strong electric fields w
arby grounded objects.

O that typical relaxation times range from 180 to 0.9 s according to,H
hxation time for fuels of very low conductivity is shorter than the preq
cepted practice is that 30 s is sufficient to remove most of the-charg

at the charge already present is relaxing. If the charging rate is mo
, then charge will continue to accumulate in the‘tank and create pote

Fquation 2. In
iction of the
e from fuel after

ed with the fuel at
re rapid than the
bntially hazardous
-air interface

hich can lead to

FIGURE 4 - Discharge From Fuel Surface to Tank (Reference 1)

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 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.
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4.

INCENDIVITY OF ELECTROSTATIC DISCHARGES:

The strength of the electric field produced in the vapor space (ullage) 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 discharge will occur.

In case a discharge occurs from a dielectric surface (such as fuel explosion suppres

sant foam, or a

convenient experimental analogue such as plexiglas) to a grounded metal object in the vapor space,
only the charge on or near the dielectric surface will be involved, and further, only limited areas on the

very low becausg of the low conductivity of the dielectric and because of the short.d
discharges. It has also been observed that the discharge at its origin at the diélectric
tending to coalegce into a bright filament in the vicinity of the metal object:.dn‘a num
simultaneous muiltiple discharges have been observed in experiments with plexiglag
measurements guggest the same phenomenon occurs in discharges from fuel.

charged surfacekwill participate (Figure 5); the reason is that the mobility of charge.i

Under some cirqumstances, a dielectric can discharge to a metal'object with little ha
circumstances, a design which prompts a low intensity dischatge or discharges whig
electric field may be beneficial. Under other consequences the discharge may be in
difference betwegen the circumstances may be due to more than a single variable in
system designs.

Discharges in fugl tanks may also be from one metal surface to another. If a fuel or
comes in contact with an ungrounded metal object in the fuel tank, some of the charg
fuel or foam will migrate into the metal object (Figure 6). If the accumulation of char
ungrounded metal object causes its voltage to reach a sufficient value, it can in turn
grounded metal
short time. Because of the length/and temperature of the arc, this situation can be \

CRITERIA FOR|IGNITION:

The probability gf an electrostatic ignition event depends on whether the discharge ¢
metal objects, of between a dielectric (e.g., fuel, explosion suppressant foam) and a

N the dielectric is
Lration of

surface is diffuse,
ber of instances,
" indirect

zard. Inthese
h can relax the
cendiary. The
practical fuel

foam surface

e contained in the
ge on the
discharge to a

bject; a tight arc willkresult and all of the charge collected will be trgnsferred in a very

ery hazardous.

ccurs between
meal object, and

on the flammability-of the ullage, the energy of the discharge, and the energy densit

y (energy per unit

volume) of the discharge.
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. . 5

DISCHARGE BALL |

FIGURE 5 - Multiple Discharges From Dielectric Surface (Reference 6)
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HIGH ENERGY METAL
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R — & YD IR o
LOCALIZED INTERNAL DISCHARGE -

FIGURE 6 - Sources of StatiecDischarge in a Tank

5.1 Metal-to-Metal Discharge - Ignition Criteria:

This situation ¢an arise in fuel tanks when a discharge occurs between an ungrounded object in
contact with fuel (or explosion suppressarit;foam) and a grounded metal object in {he ullage space;
such discharges have high energy density. It is possible to measure the voltage (Yg) at the time of
this discharge| and to measure thecapacitance (C) of the system comprised of the¢ metal objects.
With this data,|the energy (E) stered in the system immediately prior to discharge ¢an be calculated

as shown in Efjuation 3:

(Eq. 3)

By varying fue]-airatio and the configuration of the metal objects, the minimum ighition energy and

most easily igr

ure 7).

In actuality, the experiment just described has not been performed, and instead tests have been

made using the configuration of Figure 8.
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FIGURE 7 - Spark Ignition Energy Versus Mixture Composition for Mixture of Various Straight Chain
Saturated Hydrocarbons With Air at 1 Atmosphere (Reference 9)


https://saenorm.com/api/?name=ff87b6e66d4e737ba267b416db20574d

SAE INTERNATIONAL

AIR1662A

Page 12 of 24

VESSEL CONTAINING
COMBUSTIBLE MIXTURE ~—

FIG

5.1 (Continued):
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URE 8 - Schematic of Standard Minimum Energy ‘Wleasurement Ap

5el containing two electrodes is filled with a fuel-air mixture. The elé
ugh a switch to a capacitor which-can be charged to various voltags
te the energy stored in the capacitor, and this energy is assumed tg
bn the electrodes during the discharge. As the result of measuremse
jnition energy that has been;calculated is 0.26 mJ for glass flanged
jap and the optimum hydrocarbon fuel-air ratio (Reference 3). If the
I electrode geometry.are changed, the ignition energy will also chan
) is usually taken asithe minimum ignition energy, and any configura
C and Vg which'cannot exceed this energy value is usually regarde

hssumptiondhat all the capacitor’'s stored energy is dissipated in the
By measuring the extremely short discharge times from an oscillosg
cleaf that very high frequency phenomena are involved, and that su
be expected to be radiated by the wires carrying the capacitor energ

paratus

pctrodes are

bs. Equation 3 is
be dissipated in
nts of this type,
metal electrodes
gap distance,
ge. The cited
ition in a fuel tank
l as safe.

gap is

ope trace
bstantial amounts
y to the gap.

Estimates are

hat hatweaan-10-and 5004 of tha canacitorenarav canha r
St e e oo v /- ortthHe-Capat ergy—+t

adiatad [
oo to—Ct arotTacratte o

eference 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.
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I TEST CONDITIONS :
® DISCHARGE FROM FOAM SPECIMEN

=

® 1INCH BALL
® 0.7 INCH GAP

200 mV 20 nS

CHARGETRANSFER = I dt

CURRENT (AMPS)

e o

2/

100 150 200 250 300
TIME (NANOSECONDS)

FIGURE 9 - Typical Oscillograph Trace and Trace After Data Reduction (Reference 6)
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5.2 Dielectric-to-Metal Discharge - Ignition Criterion:

5.3

This situation applies to the case of discharges from a foam or fuel surface to a grounded metal
object in the ullage space. In such discharges, the energy density is low near the dielectric, and high
near the metal object. Measurement of the voltage and capacitance of a dielectric surface relative to
a metal object is essentially impossible, so the techniques of 4.1 are not useful in making minimum
ignition energy determinations. Discharge energy could also be calculated if the product of current
and voltage could be integrated over the time of discharge; while the current can be measured

(Figure 9), as
using a photon
is sufficient fof

ignition, but this value is not necessarily the minimum ignition-ener

As an alternatiyve to spark energy, the total charge transferred during an'évent has

a measure of §
computed by i
finding the are
suppressant fdg
gap, the minini
45 nC, and for
literature.

Influence of Tdq

The influence
effect of tempq
For situations
the fuel vapor
fuels (includin
space is not fl
independent o
which the fuel

park incendivity for dielectric-metal discharges. The total charge tra
ntegrating current versus time during the discharge\event; this calcu
a under the curve of Figure 9. In measurements/of discharges from
ams separated from a 1 in (2.5 cm) diametermetal sphere by a 1/2
um ignition charge transfer for an optimum _propane/air mixture was
JP-4 vapor/air was 70 nC (Reference 6);'no lower values have bee

mperature:

Df temperature on minimumignition energy has been investigated. ]
brature is traceable to its.effect on the fuel-air ratio in the ullage spad
n which the fuel is atiequilibrium with its vapor, an increase in temp
pressure and thus the fuel/air ratio (Figure 10). The flammability lin]

aviation gasoline and diesel fuel marine) are shown in Figure 11; e

f spark ignition energy. Within the flammable zone, there is an optim
is most-easily ignited, and above or below which the ignition energyj

hlready noted the voltage cannot. Some estimates of spark energy have been made
nultiplier to observe incendiary sparks; these estimates show that afn energy of 4.7 mJ

y (Reference 5).

peen proposed as
insferred is easily
lation involves
explosion

in (1.2 cm) air
approximately

n reported in the

'he preponderant
e of fuel tanks.
brature increases
its of common
vidently the vapor

mmable when'the fuel/air ratio is below the lean limit or above the fich limit,

Lim fuel/air ratio at
required
d temperature for

increases. Figure.12.shows the decrease in minimum ignition energy with increase
a fuel-air spray.
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FIGURE 10 - Flammability Cancept (Reference 1)
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FIGURE 11 - Approximate Temperature Flammability Limits for Common Fuels.
This is the Fuel Temperature Range at Sea Level Within Which the Vapor in Equilibrium
With the Fuel Will Form a Flammable Mixture With Air (Reference 1)
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5.4 Effects of Fuel Mists:

In the event that the fuel is not in equilibrium with its 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 to a fuel droplet can be
significantly higher than the vapor pressure of the bulk fuel. The effect is given, at least

approximately

where:

M = Dr

by Equation 4 (Reference 7):

&g RTrr

bplet mass

p = Drgplet vapor pressure

P, = BY
R =G4
T=Te
r = Dro
r = Fug
g= Fue

This increase
otherwise roor
can be ignited

6. CAUSE AND PH

A number of me(
As soon as char

ilk fuel vapor pressure

s constant (for air to the accuracy of the-equation)
mperature (absolute)

plet radius

| density

| surface tension

n vapor pressure in mist filled ullages accounts for the flammability
at temperatures well below the commonly accepted flash point.
EVENTION-OF ELECTROSTATIC HAZARDS IN AIRCRAFT:

thanisms have been identified which can introduce electrostatic char
pe.isintroduced, there is a tendency (because of the resultant elect

charges to sepa

(Eq. 4)

Of fuel mists of

n temperature safefuels such as kerosene. Figure 12 shows that kerosene-air sprays

je into fuel tanks.
ic fields) for the

rate from each other_and to migrafp toward gmlmdpd metal surfacels. For a given

electric field, the mobility of the charges varies directly as the fuel conductivity. If the rate of
introduction of charge exceeds the rate at which charge either migrates to the walls or is otherwise
neutralized, charge will accumulate, the resultant electric fields will intensify, and a discharge will
result. If there are flammable vapors present and if the discharge has sufficient energy, an ignition

may OcCcur.
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6.1 Causes of Electrostatic Hazards:

The cause of electrostatic hazards is traceable to mechanisms to generate charge and to permit the
charge to accumulate. These mechanisms are not always obvious.

a. Fuel flowing through a pipe at high velocity will acquire a net charge. If the pipe is metal and

grounded, the opposite charge which is left 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
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NUMBER OF AIRCRAFT INVOLVED

6.1 (Continued):
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3. Holes are sometimes cut-itithe foam to save weight and to reduce the amg

retaine
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NOTE :
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FIGURE 13 - Aircraft Accidents Attributed to-Static Electricity (Reference 1)
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