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-3. AESTRACT

Measurements have been made of the potentials developed on a fuel surface
when loading refuelers at 300 and 500 gprn through 2-1 /2-, 3-, and 4-in. hoses.
The objectives in this study were to examine the effect of hose diameter and length
on the level of charge on fuel entering a refueler and to provide an assessment of
the electrostatic hazard that exists at a fill stand employing both a 30-second re-
laxation chamber and a bottom-loading capability. JP-5 fuel was used having a
range of conductivities of 1. 8 to 4.6 x 10-14 mhos /cm at 78SF. The results showed
that at 500 grnp the maximum surface potential with the Z-1/Z-in. hose was 32 kV
whereas the values for the 3- and 4-in. hoses were in the range of 2 to 1Z kV. The
2-1 /Z-in. hose was the only one tested at 300 gpm, but since the maximum surface
voltages obtained were 1.3 kV or less, it was concluded that the values for the
other hoses would be below the limit of detection with the equipment available.
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ABSTRACT

Measurements have been made of the potentials devel-
oped on a fuel surface when loading refuelers at 300 and 500
gpm through 2-1/2-, 3-, and 4-in. hoses. The objectives in
this study were to examine the effect of hose diameter and
length on the level of charge on fuel entering a refueler and
to provide an assessment of the electrostatic hazard that ex-
ists at a fill stand employingboth a 30-second relaxation cham-
ber and a bottom-loading c a p a b i i i t y, JP-5 fuel was used
havinga range of conductivities of 1.8 to 4.6 x 10-II mhos/cm
at 780F. The results showed that at 500 gpm the maximum
surface potential with the 2-1/2-in. hose was 32 kV whereas
the values for the 3- and 4-in. hoses were in the range of 2
to 12 kV. The 2-1/2-in, hose was the only one tested at 300
gpm, but since the maximum surface voltages obtained were
1.3 kV or less, it was concluded that the values for the other
hoses would be below the limit of detection with the equipment
available.

PROBLEM STATUS

This is an interim report;workon the problem is continuing,

AUTHORIZATION
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STATIC ELECTRICITY MEASUREMENTS DURING
REFUELER LOADING

INTRODUCTION

The loading of tank trucks and refuelers with hydrocarbon fuels is at best a hazardous
operation. A recent survey by Esso Research and Engineering Company (1) indicates that
over the period of 1960-1969 there were 116 fires resulting from static electricity gener-
ated by the fuel during the loading of tank trucks. Unfortunately the trend continues, pri-
marily at industrial locations where most of the fuel is handled, but now more recently at
military installations as well. In 1968, a static-initiated fire occurred at a military air
base during the loading of a tank truck. Two lives were lost and considerable property
damage resulted. Within 9 months, a second such incident took place at another military
air base resulting in the loss of one life. In both cases, contractor-operated tank trucks
were involved.

In the two cases cited, and in almost every static incident on record, infractions of
known safety procedures have been involved. However, steps have been taken by industry
and the military to prevent the recurrence of these tragedies. Such precautions include
the use of relaxation chambers downstream of the filter/separators to remove the bulk
of the charge on the fuel and the installation of bottom-loading facilities to eliminate the
hazardous practice of splash filling. However, the most frequent contributing factor in
static ignitions involving tank trucks and refuelers continues to be the practice of switch
loading, i.e., the loading of a low-vapor-pressure product, such as kerosene, into a tank
that previously contained a high-vapor-pressure product, such as motor gasoline. Al-
though this problem can be circumvented by vapor-freeing the tank before loading the
low-vapor-pressure product, the accident record indicates that this procedure is not
always done properly. The alternative, i.e., dedicating a tank truck or refueler to the
service of a single product, is an effective but not always practical solution to the problem
caused by switch loading.

In this study, the generation of electrostatic charge by JP-5-type jet fuel is examined
at a truck fill stand which has both a 30-second relaxation chamber and bottom-loading
capability. The installation, which is located at Patuxent Naval Air Station in Patuxent,
Maryland, conforms to the latest NavFac design criteria except that a surge suppressor
was not specified or provided. The objectives of the study were to examine the effect of
hose diameter and length on the level of charge on fuel entering a refueler and to deter-
mine the effectiveness of the relaxation chamber and bottom-loading facility in reducing
the electrostatic hazard during refueler loading.

EQUIPMENT

The following equipment was used in this study:

Filter/Separator - Keene Corporation, Filtration Division, model 844-30-40-V-600AL,
600 gpm. This unit has 30 filter elements located in the lower section and 40 Petroguard
monitor fuses in the upper section. JP-5 fuel, from an underground storage tank, is sup-
plied to the filter/separator by a 600-gpm deepwell turbine pump.
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Relaxation Chamber - 300-gal capacity. This unit provides 30 seconds relaxation
at the maximum flow rate.

Hose - Hoses tested consisted of 13-ft and 16-1/2-ft lengths of 2-1/2- and 3-in, hose
and 13-ft and 20-ft lengths of 4-in. hose. To position the refueler properly with respect
to this fill stand, a minimum of 13 ft of hose is required.

Refuelers - The dimensions and capacities of the five refuelers used in this study
are listed in Table 1. All of the refuelers were lined except refueler 320, which was
made of aluminum. Figure 1 shows the position of the 'dry break," or hose-to-refueler
coupling, in a refueler.

Table 1
Dimensions of Refuelers*

Refueler [ Height(in.) Width(C) | Length(D) P Position of Dry Breakt(E) Capacity
Number fForward(s) Rear(B)J (in.) (ft) (in.) (gal)

319 63 72 73 37 8 7050

320 55 62 95 33 18 8200

301 54 61 96 26-1/2 60 5500

304 41 55 96 23 24 4150

314 43 55 96 23 18 4300

*Referenced to Fig. I.
fDistance from center.

SIDE VIEW

D
HATCH -

I A

- 1D~RY BREAK
E

O
C

REFJELER 319

END VIEW

C

REFUELERS 3DI,304,314,320

Fig. 1 - Schematic of refueler
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Field Meter - An electrostatic field meter was provided through the courtesy of
Socony Mobil Oil Company, Research Department, Paulsboro, New Jersey. Through the
use of a series of orifice plates, field strengths of up to 500 kV/m can be detected with
this instrument.

Recorder - Moseley autograph model 680.

Fuel - Specification-grade JP-5 fuel was used.

Photographs of the fill stand showing the location of the above equipment are pre-
sented in Fig. 2 and 3. The relevant equipment in Figs. 2 and 3 is identified in Fig. 4.

Fig. 2 - Experimental setup

PROCEDURE

Prior to the start of a run, an orifice plate was installed on the field meter. Since
the range of the instrument is governed by the size of the opening on the orifice plate, it
was desirable to select a plate that would give the maximum on-scale deflection of the
meter needle during the run. Failure to select the proper orifice plate meant that the
run had to be interrupted for a change of plates.

After installation of the orifice plate, the field meter was positioned in the hatch
opening of the refueler such that the face of the field meter was flush with the inside sur-
face of the tank. The increase in field strength inside the refueler during the filling op-
eration was indicated on the meter and also displayed by the recorder. The filling oper-
ation was continued until the level of the fuel was approximately 0.1 m from the top of the
truck. At this point, the flow was stopped and the field meter left in place until the charge
had decayed to practically zero. The effective conductivity of the fuel was determined by

3
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LEONARD AND CARHART

Fig. 3 - Closeup of experimental setup
showing the field meter in operation

AMPLIFIER RELAXAT1ON FlUER /
AND METER TANS SEPARATOR

Fig. 4 - Schematic of ey-perimental setup identifying the
relevant equipment in Figs. 2 and 3
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making a semilog plot of field strength vs time during the charge decay period. The
equation which describes the decay of charge is

q - q e-tK/Eto (1)

where

qO = initial charge (coulombs)

q = charge at time t (coulombs)

t = elapsed time (see)

K conductivity (mho/cm)

c liquid dielectric constant; for JP-5 fuel, C = 2.18 at 400 F (Ref. 2)

Eo = 8.85 x 10-'4.

When

q/q0 0.368,

tK _1

and

K = CEO (2)t

Thus, from the field strength-vs-time plots, the time required for the charge to
decay to 36.8% of its original value, i.e., the relaxation time, was obtained. The effective
conductivity was then calculated from Eq. (2).

Runs were made at flow rates of approximately 300 and 500 gpm using the various
hoses and refuelers described previously. At the conclusion of each run, samples were
withdrawn for conductivity measurement by the Shell charged-ball method (3). This
method gives the rest conductivity K0, i.e., the conductivity of the uncharged fuel as op-
posed to the effective conductivity.

The temperature and relative humidity were also recorded on an hourly basis during
the test period.

STATIC MEASUREMENTS ON CLOTHING

To relate the field strength and surface voltage measurements made in this study to
more familiar quantities, measurements were also made of the electrostatic charge gen-
erated by a person while removing various articles of clothing. For these tests, the
subject wore the following garments:

1. A nylon jacket lined with nylon fleece or a Dacron labcoat
2. Woolen sweater

3. Cotton shirt

4. Dacron and wool-blend trousers

5. Leather or Hush Puppy (composition-soled) shoes.

5
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The subject, dressed as described above and wearing Hush Puppy shoes, stood at a
distance of 0.5 mn from the field meter. He successively (a) removed the nylon jacket,
(b) put on and then removed the labcoat, and (c) removed the woolen sweater. As each
garment was removed, it was held at a distance of 0.5 in from the field meter which
detected the electric field developed by the charge on the garment. The entire procedure
was repeated with the subject wearing leather shoes. The recorded field strength readings
were multiplied by the object-to-field meter distance (0.5 m) to express the final results
in terms of the voltage on the surface of the garment.

RESULTS AND DISCUSSION

Conductivity Measurements

The rest and effective conductivities of the fuel samples on the various test days are
summarized in Table 2. Fuel conductivity is expressed in terms of conductivity units,
C.U., where I C.U. = 10-14 mho/cm. The rest conductivities were measured in the lab-
oratory at 78°F several days after the tests. Since the temperature of the fuel when the
tests were made was approximately 40'F, the estimated fuel conductivities at this tem-
perature are also given in Table 2. Winter has shown that the conductivity of untreated
jet fuels decreases by about 50% over this temperature range (4).

Table 2
Rest and Effective Conductivities of Fuel Samples

Run [_Rest Conductivity (CU.) Relaxation Effective 'Relaxation
Number At 8SF At 40°F* Tinme* (sec) Conductivity (C.U.) Time (see)

ix
2X
3X

I
2
3

4
5
6
7

8
9

10
11
12
13

14

15
16
17 118

t si ated.

4.6
4.6
4.6

2.4
2.4
2.4

2.4
2.4

2.4
2.4

1.8
1.8
1.8
1.8
1.8
1.8

2.2
2.2
2.2
2.2
2.2
2.2
2.2

2.3
2.3
2.3

1.2
1.2
1.2
1.2
1.2
1.2
1.2

0.9
0.9
0.9
0.9
0.9
0.9

1.1
1.1
1.1
1.1
1.1
1.1

8.4
8.4
8.4

16.1
16.1
16.1
16.1
16.1
16.1
16.1

20.4
20.4
20.4

20.4

20.4
20.4

i7.5
17.5
17.5
17.5
17.5
17.5

N .A .
N A .
N.A.

0.96
0.94
0.94
0.94
0.94
0.94
0.94

1.12
0.81
0.81
0.96
NA .
0.96

0.92
(rapid,
0.92
0.87
0.50
0.99

N.A.
N.A.
N .A.

20.O
20.5

N.A .
N.A.
N .A.
N.A .
N.A.

17.2
23.8
23.8
20.0

20.0

21.0
not exponential)

21.0
22.2
38.6
19.5
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In a related study involving bottom loading of a 5000-gal refueler, the maximum
field strength was obtained using a fuel with a conductivity of 1.2 C.U. (5). In other
experiments employing a simulated aircraft wing tank, frequent discharges were observed
at conductivities below 2 C.U., but no discharges were detected at conductivities above
2.5 C.U. (2). Hence, it was felt that the conductivity range covered in the present study,
when corrected for temperature, corresponded to the range required to place a signifi-
cant, if not the maximum, charge on the fuel surface when it arrived at the receiving
tank.

A typical charge decay curve from which the effective conductivity was determined
is given in Fig. 5. The data show that after the pump is turned off and the flow of fuel to.
the refueler ceases the decay follows a smooth exponential curve. Mahley and Warren
have reported that with drop tube loading the surface voltage reaches a peak about 24
seconds after the pump is turned off and then begins to decay (6). Similar results were
noted by Winter (4) in aircraft wing tanks. He attributed the increase in field strength
upon the cessation of pumping to the migration of charges from the previously churning
fuel to the newly quiescent surface. This effect was not observed in the present study,
perhaps because of more efficient mixing of the incoming fuel by the diffuser which is
located in the bottom of the refueler.

100

I-

La

Fig. 5 - Decay of field strength in the
refueler when pumping is ceased
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In all but two runs, runs 15 and 18, both of which involved refueler 301, smooth
exponential decay curves, such as shown in Fig. 5, were obtained. Following run 15, in
which the 2-1/2-in. hose gave an exceptionally low level of charge, the field strength
decayed so rapidly that an effective conductivity measurement could not be made. Since
the samples for rest conductivity measurements were taken from the nozzle and not from
the refueler, it cannot be determined if the incoming fuel was contaminated by residual
fuel present in the refueler before loading began. If the fuel was so contaminated and
its conductivity increased to around 10 C U. or above, this would explain the poor charging
behavior and the more rapid decay of charge that was observed in run 15.

In run 18, the charge decayed much more slowly than in any of the previous runs.
This run was unusual in another respect in that the field strength did not increase contin-
uously throughout the run but rather showed two very pronounced dips or valleys toward
the end of the run, as shown in Fig. 6. The decrease in field strength associated with
these valleys is probably due to some peculiar structural feature of this particular tank
since the effect was not seen with any of the other refuelers. A possible explanation may
be that the distance between the dry break, or point of entry of the fuel into this refueler,
and the center, where the field meter is located, is 60 in. in the case of refueler 301
compared with 8 to 24 in. for the other refuelers (see Table 1). This places the diffuser
closer to the front of the truck where the tank is cut away to make room for the tractor.
As a result, the flow pattern of the incoming fuel is subject to much more interference
due to the closer proximity of the dry break to the step in the tank floor in refueler 301
as compared with the other refuelers. Such structural differences may account for the
unusual behavior observed in the case of refueler 301.

END OF LOADIPNG

, t0 t 2 3 4 5 6 7 8 9 10
TIME {mt~ c

Fig, 6 - Recorder tracing showing field strength in the
refueler during run 18

Another possible explanation for the valleys in the field strength recorder tracing for
run 15 could be the occurrence of discharges in the tank during the filling operation.
However, the overall low surface voltage obtained in this run and the fact that these val-
leys were not seen in any of the other runs using the same fuel on the same day make
this explanation rather unlikely.

With the exception of runs 15 and 18, the effective conductivities in Table 2 average
around 1.0 C .U., which is fairly close to the estimated rest conductivity at 40f F.
Bruinzeel et al. (7) reported ratios of K,/K0 as low as 0.07, but these values were ob-
tained for fuels in aircraft wing tanks. In another study involving a 5000-gal refueler,

8
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the effective conductivity was found to be less than, equal to, or greater than the rest
conductivity (5). In view of the vagaries of effective fuel conductivity measurements,
rest conductivity is considered to be the more reliable parameter in fuel electrification
studies.

The relaxation times listed in Table 2 indicate that in all runs, except runs 15 and
18, 63% of the charge on the fuel surface had disappeared within 20 see after the pump
had been turned off. From charge decay curves, such as depicted in Fig. 5, it was deter-
mined that within 60 sec after the flow to the refueler ceased, the charge on the fuel sur-
face had almost completely decayed. If the conductivity of the incoming fuel had been
0.1 C.U., instead of 1.0, which is not unreasonable, the relaxation times could be as much
as ten times longer. Consequently the recommendation (8) that operators refrain from
lowering sampling devices or other objects into tanks for at least 5 min after the loading
operation has stopped does have an experimental foundation.

Field Strength Measurements

Figure 7 is a recorder-chart tracing of the field strength in the refueler during a
normal run. As indicated by the figure, the field strength increases as the fuel level in
the tank rises. Semilog plots of the field strength vs volume of fuel delivered to the tank
for typical runs are given in Figs. 8 and 9. The effect of tank geometry is readily appar-
ent from these figures. Refueler 319 is cylindrical in shape, and the curves obtained
while loading this refueler (Fig. 8) are straight lines. The other refuelers have ellip-
tically shaped tanks, and the plots obtained for the runs with these refuelers exhibit a
certain amount of curvature (Fig. 9), which reflects the slower rise of the fuel through
the center of these tanks.

END OFP U--

3 4 5 6 7 8 9 10 I11 12 1 3
TIME (min)

Fig. 7 - Recorder tracing showing field strength in the
refueler during a typical loading operation

In each case, the plots of field strength vs volume of fuel delivered to the tank indi-
cate that the field strength approaches a maximum as the fuel level reaches the top of the
tank. This does not necessarily mean, however, that the greatest danger of an electro-
static discharge occurs when the tank is being topped off. Bather, the increase in field
strength as the fuel rises is exactly what one would expect even if the charge on the fuel
surface remained constant throughout the run. This point may be demonstrated by con-
sidering a hypothetical case in which fuel with a constant surface potential, say, 1 kV,

9
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o 000 2000- 3000 4000 3000 45000 7000
VOLJME OF FUEL TN TANJC (OALt

Fig. 8 - Field strength vs volume of fuel in
tank for a cylindrically shaped tank

rises to the top of a tank. The field strength inside this tank, as indicated in Table 3,
increases rapidly as the level of the fuel approaches the top of the tank despite the fact
that the potential on the fuel surface remains constant. Thus, increasing field strength
is not of itself a criterion of hazard. Other factors, such as the surface potential, the
presence of probes or other spark-promoting devices in the vapor space of the tank, and
the flammability of the fuel-air mixture, must also be considered.

To determine if the voltage on the fuel surface remained constant in the present
study, or varied during the filling operation, the field strength data were converted to
surface voltage readings The results of these calculations for a typical run are given
in Fig. 10. In each case, the surface voltage was found to reach a maximum when tbe
tank is about 70 to 80%j'c full and then drop off sharply. The reason that the voltage peaks
and then falls off is probably because by the time the tank is 70 to 80% full a fair portion
of the fuel has been in the tank for several minutes and lost most of its charge through
relaxation. Consequently, the influence of the incoming highly charged fuel becomes less
pronounced due to dilution by the relaxed fuel in the tank.

The distance between the fuel surface and the top (inside surface) of the tank when
the maximum surface voltage was reached was approximately 0.3 to 0.5 m (12 to 20 in.).
Consequently a probe or structural member extending 12 to 20 in. from the top of the tank
would be in the worst possible location from the standpoint of encouraging a discharge
from the fuel surface, At this distance, the probe would provide a convenient path to the
ground when the voltage on the fuel surface is at its maximum value.

10
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VOLUME OF FUEL IN TANK (GAL)

Fig. 9 - Field strength vs volume of fuel in
tank for an elliptically shaped tank

Table 3
Field Strength in a Hypothetical Tank as Fuel With

A Constant Surface Voltage Rises to the Top of the Tank

Distance of Fuel from Field Strength (kV/m)
Top of Tank (in) _ _ _ _ _ _ _

2 0.5

1 1

0.5 2

0.25 4

0.10 10

The maximum surface voltages for the individual runs at the higher (500-gpm) flow
rate are given in Figs. 11, 12, and 13. No results are presented at the lower flow rate
since the maximum surface voltages in these runs were only 1.3 kV or less. The date
obtained from the first three runs (runs 1X, 2X, and 3X, Fig. 11) demonstrated the type
of behavior that had been anticipated based on earlier calculated values for the streaming
currents in the three hoses; that is, as the diameter of the hose is increased, the surface
voltage decreases. In other words, as the flow velocity is increased, the level of charge
on the fuel surface increases. From the standpoint of safety, the 4-in. hose looked par-
ticularly attractive in these runs since the maximum surface voltage was so low (1.3 kV).
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Fig. 10 - Surface voltage vs volume of
fuel in tank for refueler 319 using a
500-gpm flow rate

VCtUMt OF FuEL IN TANK )QAL)

20

Fig. 11 - Maximum surface voltages ob-
tained with 2-112-, 3-, and 4 -in. hoses
using a 500-gpm flow rate. Data were
taken on the first test day.
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Fig. 12 - Maximum surface voltages ob-
tained with 2-1/2-in, hose using a 500-
gpm flow rate. These results are data
combined from several days.

Fig. 13 - Maximum surface voltages ob-
tained with 3- and 4-in, ho s e s using a5 00-gpm flow rate. These results are
data combined from several days.
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An examination of the data obtained on succeeding test days using different refuelers
(Figs. 12 and 13) indicates that this relationship does not always apply. To understand
the apparent discrepancies, such as why the maximum surface voltage obtained in run 8
with the 2-1/2-in. hose is so much less than in run IX using the same hose and no greater
than that obtained with the 3-in. hose in run 11, it is necessary to review the experimental
conditions.

In the first place, there was an interim of 8 days between the initial and second test
days. Over this period, the rest conductivity of the fuel, measured at 780F, dropped from
4.6 to 2.4 C .U. as indicated in Table 2. Since conductivity of the fuel is the principal prop-
erty affecting charging tendency, the inability to control fuel conductivity during the course
of these experiments prevented the attainment of better reproducibility of the data.

Another factor that influenced the test data was the condition of the filter/separator.
Runs 1X, 2X, and 3X (Fig. 11) were performed in the afternoon, after the filter/separator
had been used a number of times and had an opportunity to come to equilibrium with the
incoming fuel. If the first run on the morning of December 3 is compared with the second
(runs 1 and 2, Fig. 12) and the first run on December 4 is compared with the second (runs
8 and 9, Fig. 12), all of which involved the 2-1/2-in. hose at the high flow rate, it is found
that the maximum surface voltage for the second runs on both days - 32 kV for run 2 and
20 kV for run 9 are comparable to run 1X. Thus, it appears that a certain "turn on" time
is required before the filter/separator begins to place a reproducible level of charge on
the fuel.

Due to the number of variables involved (fuel conductivity, hose diameter and length,
condition of the filter/separator, and refueler geometry) and considering the small number
of runs performed, it would seem wise to refrain from attempting to make a rigorous
quantitative evaluation of the test results. Rather, it would be better to regard the data
in Figs. Il, 12, and 13 as representative of the surface voltages being obtained in the field
today under practical operating conditions, and ask the question, "What conclusions can
we draw from these data regarding the objectives of this study?" The following conclu-
sions appear to be in order for the experiments at 500 gpm:

1. The highest levels of charge were obtained with the 2-1/2-in. hose.

2. Although the 4-in. hose produced very low levels of charge in runs 3X and 12
(Fig. 13), the results obtained with this hose were not consistently lower than those obtained
with the 3-in. hose. Consequently, these hoses appear to be equivalent in charge-generating
capability.

3. Shortening the 4-in. hose from 20 ft to 13 ft reduced the maximum surface voltage
from 10.8 kV to 6.3 kV (compare run 14 with run 16 in Fig. 13). However, in view of the
erratic charging behavior found with the 4-in. hose, no particular significance can be
attached to a decrease of this magnitude.

Electrostatic Hazard

Another objective of this study was to provide an assessment of the electrostatic
hazard that exists at a fill stand employing both a 30-second relaxation chamber and
bottom-loading capabilities. An examination of the literature reveals some disagreement
as to what constitutes a hazardous surface voltage. Herzog (9,10) considers a surface
voltage in excess of 1 kV to be hazardous, whereas Buley and Ginsburgh (11) state that
the surface voltage must exceed 20 kV to initiate sparking to internal members of tank
trucks and that even higher voltages are required for incendiary discharges. It is instruc-
tive to investigate the origins of both of these values before deciding whether either value
can be applied to the present situation.
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In both cases, the authors agree that the minimum amount of energy required to ignite
a hydrocarbon-air mixture is 0.2 millijoules (mi). Strictly speaking, this minimum ap-
plies only to a spark discharge taking place between two metal electrodes at an optimum
gap setting and in the presence of the most easily ignitable fuel-air mixture. Since the
minimum ignition energy requirement for a discharge taking place between a charged fuel
surface and some grounded part of the tank is not known, it is customary to use the min-
imum value derived for the all-metal electrode system in discussing the possible hazard
of discharges from a fuel surface. However, it is generally agreed that the minimum
ignition requirement for the discharge from a fuel surface would be considerably higher
than that for an all-metal electrode system. Also, it should be noted that as the conditions
depart from ideal, i.e., optimum fuel/air ratio and a gap setting of 0.1 in., the ignition
energy requirements for an all-metal electrode system increase sharply.

The equations used to calculate the energy of a capacitor discharge are

E = 1/2 QV

or

E = 1/2 CV 2 ,

where

E = Energy (joules)

Q = Quantity of charge transferred in the discharge (coulombs)

V = Voltage

C = Capacitance (farads).

Herzog (9) measured the capacitance of various drop-tube ends (45-degree slanted
end, pipe end, T deflector, and cone deflector) with respect to an aluminum-covered float
on the fuel surface. By extrapolation, he estimated that the cone deflector produced the
maximum capacitance, 470 pf, at a gap of 0.0025 in. from the aluminum-covered float.
From this value for C, and from an experimentally determined relationship between V
and C, he arrived at the conclusion that, when C = 470 pf and V = 1000, the resulting dis-
charge will have an energy of 0.2n mj. Since 470 pf is the maximum capacitance for his
system and since lower capacitances would require higher voltages to produce a 0.2-mj
discharge, Herzog concluded that 1000 V is the minimum surface voltage that could pro-
duce an incendiary spark discharge. Although Herzog's conclusions may be valid for the
conditions under which they were determined, his results are not applicable to the present
study for the following reasons:

1. His treatment presupposes that a drop tube is present in the tank to form a capac-
itor with the highly charged fuel surface. In the present study, bottom loading was em-
ployed so no drop tube or other probe was present in the tank to develop such an area of
high capacitance.

2. The maximum capacitance and hence the minimum surface voltage required to
produce an incendiary (i.e., 0.2 ml) spark discharge in Herzog's study was obtained at a
gap of 0.0025 in. using two metal electrodes. In the opinion of some authors, incendiary
discharges do not take place from a fuel surface at such short gaps. Bulkley and
Ginsburgh (11), for example, claim that when a probe is brought to within an inch or so
of a highly charged fuel surface, the fuel is drawn across the gap by electrostatic attrac-
tion, forming a liquid bridge. Since the gap is eliminated by the liquid bridge, they feel
that discharges from a fuel surface at gaps of less than 1 in. are unlikely.
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The present authors (12) have observed and photographed the liquid bridging phenom-
enon in small tank studies and are convinced that it occurs, at least when the fuel surface
is highly charged. However, Bruinzeel (13), in describing discharges taking place in a
simulated aircraft wing tank, mentions that corona-type discharges occurred on sharp
probes and sometimes on blunt objects, especially when the gap is relatively small (1 in.).
Since Bruinzeel observed corona rather than spark discharges on his blunt electrodes, it
is possible that his fuel surface was not too highly charged at the time. It would appear
then that liquid bridging takes place only when the fuel is very highly charged.

At a gap of I in., Herzog's data (9) for various drop-tube ends begin to converge,
giving a value of approximately 100 pf. This capacitance corresponds to a surface voltage
of 2800 V, as compared with 1000 V at 470 pf, in order to give a discharge of 0.2 nm.

3. The results of the present study indicate that maximum surface voltages of 2 to
12 kV are quite common during refueler loading operations, Other workers (5,6,10) re-
port similar values. Although the data in the present study were obtailled using JP-5 fuel,
it is reasonable to assume that JP-4 fuel in the same conductivity range would produce
similar voltages. Since JP-4 fuel also produces flammable fuel-air mixtures over a
wide range of operating temperatures (-15e to 75'F), it would appear that there should
have been many more fires and explosions when loading JP-4 fuel than have actually
occurred, if indeed surface voltages in excess of I kV are hazardous. Since these acci-
dents have not taken place, it seems that maximum surface voltage of 1 kV may be unrea-
sonable, at least for bottom-loading operations. It is interesting to note in this regard
that in another study involving bottom loading (5), surface voltages as high as 45 kV were
reported, but no discharges were detected until a probe was placed in the tank to induce
sparking. For these reasons, it appears that Herzog's conclusions do not apply to the
present case,

The second value for the maximum safe surface potential (20 k) was obtained from
a study in which discharges took place between a pan or other device located below the
fuel surface and a probe in the vapor space above (14). Either the pan or the probe was
connected to a high-voltage source while the other side was grounded. Although there
may be some question as to how accurately these experiments simulate an actual situation
in which the energy for the discharge is derived from the fuel itself rather than from an
external power supply, the results are more in line with other experimental data, espe-
cially if one takes into consideration the phenomenon of liquid bridging which could pre-
clude the possibility of discharges at gaps of less than 1 in.

Examination of the literature (15) on spark discharges taking place in air, at atmo-
spheric pressure, between two metal electrodes is helpful in attempting to understand the
discharge phenomena taking place inside of a fuel tank. The voltage required to produce
spark breakdown between two metal electrodes depends on the configuration of the elec-
trodes, the gap setting, and the polarity of the grounded electrode. At a given gap setting,
the breakdown voltage for two parallel plate electrodes is greater than for two pointed
electrodes. The values for sphere-to-plate electrodes lie somewhere in between, de-
pending on the radius of curvature of the spherical electrode. Typical breakdown voltages
in air at atmospheric pressure for various electrode systems at a 1-in. gap are given in
Table 4. Although data for other electrode systems, e.g., point vs point, are not given at
the 1-in. gap, extrapolations of the curves presented in Ref. 15 indicate that the break-
down voltages would be in excess of 20 kV at this gap.

Comparable data on breakdown voltages for discharges from fuel surfaces are not
available. However, it is reasonable to assume that the values would be at least as large
as for the all-metal electrode systems described above. These data suggest that, if the
possibility of discharges from a fuel surface at gaps of less than 1 in. is precluded by
liquid bridging, the maximum safe surface voltage should be of the order of 20 kY.
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Table 4
Voltages Required to Produce Spark Breakdown in Air at

a Gap of 1 Inch Using Various Electrode Systems

30-degree conical pontr vs pne, Breakdown VoltageElectrode System ~~~~(kV)

Parallel plates 73
Two spheres, diam - 6.25 cm |70
Hemispherically ended rod (diam = 0.4 cm) vs plane 40
30-degree conical point vs plane, point negative 48
30-degree conical point vs plane, point positive 30

In addition to spark breakdown, it is possible to get other types of electrical dis-
charge, e.g., corona and prebreakdown streamer discharges, when using pointed or spher-
ical electrodes opposite a metal-plate electrode or a charged fuel surface (12). The latter
forms of discharge occur at lower voltages than true sparks and, in the case of the charged
fuel surface, may actually prevent the onset of spark discharges by bleeding off the avail-
able charge. The coronas are made up of a multiplicity of low-intensity discharges oc-
curring at a frequency of about 15 to 80 per second in the case of a fuel surface and sev-
eral hundred per second when a metal-plate electrode is used. Due to the low levels of
energy involved (ca. 10 gj/discharge), these discharges are not normally considered to be
incendiary. However, corona discharges between metal electrodes can cause ignition if a
certain minimum current is maintained for a period of time (16,17).

Prebreakdown streamer discharges from a fuel surface having energies in excess of
0.2 mj have been reported (12). However, these discharges failed to ignite a flammable
JP-4 vapor-air mixture. The reason that ignition did not take place was ascribed to the
long duration of the prebreakdown streamer discharge (up to 7 times longer than spark
discharges using metal electrodes). Since the energy is released more slowly by the pre-
breakdown streamer discharge, it is less likely to cause ignition. The increased duration
of these discharges can be attributed to the resistance properties of the fuel itself, which
cause it to behave as a resistor in series with the gap.

It is reasonable to assume that both corona and prebreakdown streamer discharges
occur in tank trucks and refuelers whenever pointed projections are present. However,
these low-energy discharges are not normally regarded as incendiary.

In related studies involving a simulated aircraft fuel tank (13), spark discharges
were observed when the field strength reached 400 to 500 kV/m. These figures applied
to cases where no probe or a blunt probe was present in the tank roof. Other authors (17)
quote a value of 300 kV/in as being sufficient for starting incendiary discharges in the
presence of grounded probes and state that a field strength of 100 kV/m may not be safe
under all conditions. Table 5 gives these field strength values and the corresponding
surface voltages at a gap of 0.4 m, which corresponds to the fuel level when the maximum
surface voltages were obtained in the present study. The results suggest that 20 kV may
be a reasonable value for the maximum safe surface potential.

It is obvious from the foregoing discussion that there is no consensus on what consti-
tutes hazardous field strengths or surface voltages during a refueling operation. However,
it would appear that 1 kV is unrealistic for bottom-loading operations since it predicts a
greater degree of hazard than is verified by the accident record, If, however, we accept
the value of 20 kV as the maximum safe surface voltage, the following conclusions can be
drawn based on the data in Figs. 11, 12, and 13.
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Table 5
Field Strengths at Which Incendiary Discharges
Have Been Reported and Corresponding Surface

Voltages at a Gap of 0.4 m

1. The 2-1/2-in. hose is unsatisfactory for loading refuelers at 500 gpm or above
since the maximum surface voltages obtained with this hose equal or exceed the safe
value.

2. Although the 4-in. hose gave the lowest surface voltages at 500 gpm in certain
runs, the performance of this hose was not consistent. Consequently, the 3- or 4-in.
hoses appear to offer a comparable degree of safety at 500 gpm.

3. At 500 gpm the flow velocity in the 2-1/2-in. hose is 32.8 ft/sec. Presumably
hazardous surface voltages could be attained by operating the 3- and 4-in. hoses at the
same flow velocity. It is therefore recommended that in bottom-loading refuelers, the
flow velocity in the refueling hose be kept well below 30 ft/sec, regardless of the hose
diameter. If practical, the flow velocity should not exceed 20 ft/sec as recommended by
the American Petroleum Institute (18) for overhead filling.

4. The only hose tested at 300 gpm was the 2-1/2-in. hose. Since the maximum sur-
face voltage encountered at this flow rate was only 1.3 kV, it was concluded that both the
3- and 4-in. hoses would be at least as safe at 300 gpm or below.

Static Measurements on Clothing

The amount of static electricity generated when two articles of clothing were sepa-
rated in the process of disrobing is shown in Fig, 14. The results are expressed in terms
of the voltage on the surface of the article when removed and held at a distance of 0.5 m
from the field meter. The data were obtained under ambient conditions of 750F and 35%
RXf.1 which are not considered optimum for the generation of static electricity. However,
the surface voltages on the various articles of clothing are in the same range (2 to 12 kV)
as the maximum voltages on the fuel surface obtained at a flow rate of 500 gpm using both
the 3- and 4-in. hoses (Fig. 13). The higher values obtained when the subject was wearing
Hush Puppy shoes are attributed to high resistivity of the composition material used in
these shoe soles. Experience in the laboratory at lower humidities has indicated that
even higher surface potentials are obtained when wearing these shoes than were recorded
in these experiments.

SUMMARY AND CONCLUSIONS

Measurements have been made of the potentials developed on a fuel surface when
loading refuelers at 300 and 500 gpm through 2-1/2-, 3-, and 4-in. hoses. The objectives
in the study were to examine the effect of hose diameter and length on the level of charge
on fuel entering a refueler and to provide an assessment of the electrostatic hazard at a
fill stand employing both a 30-second relaxation chamber and bottom-loading capabilities.

Field Strength Maximum
(kV/m) I Surface Voltage (kV)

300-500 120-200

300 120

100 40

N - -
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Fig. 14 - Results of static measurement on clothing

JP-5 fuel was used having a range of conductivities of 1.8 to 4.6 x 10- 14 mhos/cm at 78°F.
The results showed that at 500 gpm the maximum surface potential with the 2-1/2-in. hose
was 32 kV whereas the values for the 3- and 4-in. hoses were in the range of 2 to 12 MV
The 2-1/2-in. hose was the only one tested at 300 gpm, but since the maximum surface
voltages obtained were 1.3 kV or less, it was concluded that the values for the other hoses
would be below the limit of detection with the equipment available.

No firm conclusions can be drawn regarding the electrostatic hazard involved in em-
ploying these hoses at the higher flow rate since there is some disagreement in the liter-
ature regarding the maximum safe surface potential on a fuel surface during refueler
loading. Values of 1 and 20 kV have been quoted for the threshold of incendiary discharges
by different authors (9-11, 14). However, since the derivation of the lower value presup-
poses that a drop tube is present in the tank, it does not appear that this value is pertinent
to the bottom-loading operations discussed in the present study. If the higher value is
accepted as the criterion of hazard, the following conclusions can be drawn from this
study:

1. At 500 Spm. the 2-1/2-in. hose should not be used for refueler loading since max-
imum surface potentials of 20 kV or higher were obtained with this hose. Although the
4-in. hose gave the lowest surface potentials in some runs, the values were not consis-
tently lower than those obtained With the 3-in. hose. Hence, the 3- and 4-i-n. hoses offer
comparable degrees of safety at 500 gpm.

2. The maximum surface potentials recorded in this study were obtained at a flow
velocity of 32.8 ft/sec in the 2-1/2-in. hose. Presumably similar surface potentials could
be attained when flowing through the 3- and 4-in. hoses at the same flow velocity. It is
therefore recommended that in bottom loading refuelers the flow velocity in the refueling
hose be kept well below 30 ft/sec regardless of the hose diameter.

3. At 300 gpm or below, all three hoses appear to offer the same degree of safety.
But since the magnitude of the surface potential for the 2-1/2-in. hose increases so rap-
idly between 300 gpm and 500 gpm, this hose should not be used for refueler loading at
flow rates above 300 gpm.
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These conclusions apply only to a system involving a 30-second relaxation chamber
and bottorn-loading capability and are based on the assumption that the tank is free of
probes and insulated charge collectors. For systems involving shorter relaxation times
or overhead filling, the magnitude of the surface potential would be greater than obtained
in this study; hencee, the conclusions would no longer be valid.
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