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SECTION I

INTRODUCTION

This report summarizes the investigation, "Factors Affect-
ing Electrostatic Hazards," Contract No. F33615-77-C-2047, conducted
by Mobil Research and Development Corporation (MRDC) in Paulsboro,
N. J. The test program was conducted April 15, 1977 through July
15, 1978, D. L. Rhynard was the initial principal investigator and
on December 1, 1978, P. W. Kirklin succeeded him as principal

investigator.

Background

Since the fall of 1974, the USAF has experienced several
fuel system fires believed to have been initiated by electrostatic
spark discharges. The reported incidents all involved aircraft
equipped with fuel tanks containing bladder cells packed with
reticulated polyurethene foam. = It was suspected that high fuel
flow velocities, splashing and/or spraying of fuel into receiver
tanks, or passage of fuel through porous media, e.g. filter-separa-
tor elements or reticulated foam could result in electrostatic
charge separation in aviation turbine fuels during USAF aircraft
fueling operations.

Currently, MIL-T-5624K allows for the optional use of the
conductivity additive ASA-3 to minimize static charge buildup.
Conductivity additives have been used for many years for static
electricity protection in ground distillate fuels and commercial
jet fuels, but it was not known if the AF fueling systems were

conducive to the use of conductivity additive treated fuel. In the




AF system, fuel is often delivered at high velocities through
restrictive nozzles into fuel tanks that may be lined with low
conductivity bladder material and filled with reticulated plastic
foam. If static charges are generated as fuel is delivered to the
tank, the insulating properties of the foam and bladder may inhibit
the ability of the anti-static additive to relax the induced
electrical charge. Thus, it was considered necessary to evaluate
the electrostatic hazards and additive effect in an Air Force type

fueling system.

Objective

The primary objective of the MRDC contract was to provide
specific information for guidance to the USAF on the use of conduc-
tivity (i.e. anti-static) additives in JP-4 fuel (MIL-T-5624K) as a
means of reducing static electricity hazards throughout the ground
refueling and aircraft fuel system.

The necessary research and tgsting were to be performed in
order to determine the following:

(a) Are there additives or combinations of additives that
aggravate the static spark discharge hazard?

(b) Does temperature or water content significantly
change the effects of various additives or combinations so as to
increase or decrease the static discharge hazard?

(c) Are there interactions among the fuels, additives,
reticulated plastic foams, and fuel bladder cells that affect the

static discharge hazard?
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(d) Do various fuel additive combinations significantly
affect fuel charging by filter-separator elements, in high velocity
fuel flow streams, and at fuel discharge conditions (i.e., fuel tank
inlet ports)?

(e) Can the use of conductivity additives at too low a
concentration increase the electrostatic hazards?

To meet the objectives, the contract investigated the
effect of conductivity additives, ASA-3 (Shell) and Stadis 450
(DuPont) on electrostatic charge generation and accumulation in JP-4
fuel with various other additives currently permitted including fuel
system icing inhibitor, (FSII) (ethylene glycol monomethyl ether,
MIL-1-27686), corrosion inhibitors (QPL-25017-12) and antioxidants

and metal deactivators listed in MIL-T-5624K.

Test Apparatus

The primary test apparatus was the Small Scale Electrifi-
cation Test (SSET) rig developed by Mobil. This device is shown
schematically in Figure 1. The SSET consists primarily of a fuel
supply drum, pump, separate vessels containing coalescer and separa-
tor elements and a fuel receiving vessel, each electrically isolated
via Teflon blocks. In AF refueling systems, dirt and water are
removed from the fuel by similar filter-separator (F/S) elements;
however, these porous media can also cause significant electrostatic
charging of the fuel. In the SSET studies with clean dry fuels, the
F/S elements are used primarily as charging devices and are not

intended to simulate DOD water and dirt removal F/S elements or USAF
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F/S practice. The SSET fuel supply, coalescer and separator
vessels are interconnected by 5/16-inch (0.D.) stainless steel
tubing through Teflon blocks for electrical isolation. However,
the receiver fuel delivery tube is 1/2-inch (0.D.) from the Teflon
block to the receiver as shown in Figure 1. Square-end orifices of
either 0.10 or 0.12-inch (I.D.) can be attached to the drop tube to
provide further variation of fuel linear flow velocity into the
receiver. The drop tube terminates about 1 inch below the top of
the receiver and about 1 inch above the fuel level at 90% full.
The coalescer and separator vessels each have a net volume (total

volume less the elements) of about 31.3 inches. Each contains 9

elements in parallel (Facet models CC9234 and CS9235, respectively).

Fuel enters the 9 coalescer elements simultaneously through a
radial distribution manifold and exits the separator elements
through a similar type manifold. These manifolds are machined into
the covers of the coalescer and separator vessels. Appropriate
valves are provided in the SSET to allow a choice of fuel flow
configurations to the receiver:

1) through the coalescer only

2) through the separator only

3) through the coalescer and separator in series

4) directly into the receiver, bypassing both

coalescer and separator.

The relaxation volume for fuel from the coalescer is primarily the
net vessel volume. For fuel flow through the coalescer only, the

SSET relaxation volume, including tubing is 33.8 cubic inches (0.15




gal.). For fuel flow from the separator, the SSET relaxation
volume is the exit tubing volume and is equal to about 1.6 cubic
inches (0.007 gal.). At flow rates of 2 gallons-per-minute (gpm)
these volumes allow 4.4 and 0.2 seconds, respectively, for fuel
charge relaxation before entering the receiver vessel. The re-
ceiver volume is about 5.1 gal. at 90% full.

Streaming currents to ground are measured with separate
Keithly Model 445 digital picoammeters at the coalescer, separator,
and receiver vessels. The reported charge densities are calculated
from strzaming currents by:

10 A/F

c.D. = 1.585 " 10
where A is streaming current in amps and F is fuel flow rate in
gpm. Field strengths are measured with a HP-400E AC voltmeter
connected to a Chevron fieldmeter mounted in the cover of the
receiver vessel. The polarity of the streaming currents were
indicated by the picoammeters but the field strength meter noted
field strength magnitude only.

For these studies, the fuel and mechanical components of
the SSET were located in a temperature controlled room at 0° to
70°F. The electronic and moniﬁoring devices, including a Bell and
Howell, Datagraph 5-234 recording oscillograph, were located
outside of the cold room. The connecting cables are depicted by
broken lines in Figure 1.

Fuel charging effects are very sensitive to minute
differences in fuels. Since the fuel effects are often unpredict-
able, it was desirable to use a single lot of fuel for all compara-
tive studies. For Jet A studies, fuel from a single refinery run
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was clay treated and drummed. A single drum of fuel was then used
for each study, no fuel was re-used in the program. Two batches of
JP-4 were drummed for this study. The first batch of JP-4 was clay
treated and used in studies comparing Jet A and JP-4, a single drum
of fuel was used for each study. The second drummed batch of JP-4
(from a different refinery than the first) was used for additive
studies in JP-4, again, a separate drum of fuel was used in each

additive study.

Test Program

The test program was divided into 6 specific tasks:

1) Modification of the SSET; preliminary charging
tests; determining the effect of bladder and
foam on fuel electrification.

2) The temperature-charging relationships of ASA-3
in Jet A; the effect of conductivity level on
charging.

3) The temperature-charging relationship of ASA-3
in JP-4; the effect of conductivity level on
charging; comparison of charging tendencies
of Jet A vs. JP-4.

4) The temperature-charging relationship of Stadis 450
in base fuel; the effect of conductivity level
on charging.

5) Additive charging and compatibility program.

6) Correlation between SSET and another fuel-charging

tendency test.

o yimalie _io i i AR -

.

R




!

————

SECTION II

RESULTS

SSET Results - Procedures Development

This section presents the results of experiments performed
to establish the effects of key variables in the SSET additive study
program.

SSET Modifications. In Task 1, the SSET was modified to

simulate the fueling flow velocities of the aircraft types that
have experienced static ignitions. The pumping system was enlarged
to increase the linear fuel flow velocity in the primary piping to
about 20 fps. A 0.0l inch (I.D.) discharge nozzle was installed so
that the fuel discharged into the reservoir at a flow velocity of
about 82 fps at a 2 gpm volumetric flow rate. As a safety precau-
tion, nitrogen inerting was installed for the tests on JP-4.

Effect of Foam and Bladder Materials on Conductivity.

The fuel reservoir was fitted with a USAF-type rubber bladder liner
and various reticulated foams. The USAF bladder material and
‘reticulated foams were supplied by the USAF Project Engineer, C. R.
Martel of the USAF Aero Propulsion Laboratory, Wright~Patterson
AFB. Seven samples of reticulated foams and one fuel tank bladder
were soaked in approximately 3 gallons of fuel, each, to determine
if the fuel would leach conductive components from the bladder or
foams. No significant change in fuel conductivity was observed
after soaking 2 weeks in the bladder or 4 weeks with the foams.

Thus, it was concluded that there would be no appreciable conduc-

S

T RN




tivity effect from the bladder or foam materials during the course
of an individual fuel study. These results are shown in Table 1.

Effect of Foam on Field Strenth Measurements. The e2ffect

of foam on field strength measurements was investigated with the
field meter calibration arrangement. Here a 300V DC voltage 1is
impressed across two parallel metal plates 1.0 inch apart to obtain
a field strength of 12 KV/m. The field meter is affixed in an
opening in the upper plate. When 1.0 inch of No. 4 red polyester
foam was placed between the plates, field strengths of 50 and 55
KV/m were me&sured with dry and fuel-wetted foam, respectively.
If it is assumed that there is no charge accumulation on the foam,
12 KV/m is the expected result. If it is assumed that the foam
surface accepts all ¢he applied voltage, an infinite surface
voltage 1is expected. This assumption and data are in Table 2.
When the foam surface was lowered to 0.5 inch, a field strength of
22 KV/m was measured. This 1is approximately the expected field
strength if the applied voltage is at the foam surface. From these
data, it is apparent that the foam is being charged and is affect-
ing the field meter results. Fine pore, blue polyether foam also
accepted the applied voltage -but more slowly than the No. 4 red
polyester foam. Further studies with No. 4 red polyester foam and
fine pore blue polyether foam appear in a later section of this

report.
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Effect of No. 4, Red Polyester Foam. This section

focuses on specific foam effects but considers only No. 4 red
polyester foam.

° Charge Generation and Accumulation: When fuel is
dispensed from the drop tube into the receiver, in the absence of
reticulated foam, severe fuel frothing occurs. This causes erratic
field strength readings at about 75% full (and above) when the
froth begins to contact the meter. Therefore, to avoid this
problem and compare fuel charging effects with and without foam
(No. 4 red polyester foam) and bladder, comparisons were made at
70% full. These data are summarized in Tables 3 and 4. Charge
densities are calculated from streaming currents measured from the
coalescer, separator and receiving vessels. Because these compo-
nents are electrically isolated from each other, the charge dens-
ities reported in Tables 3 and 4 show no effects for foam and
bladder in the receiver which is down stream from the detection
point. Field strengths are assumed to be measures of charge
accumulation in the receiver vessel. Generally, highest field
strengths are obtained with fuel flow through the coalescer. In
general, the foam and bladder have little effect on charge accumu-
lation.

°  Charge Relaxation: Fifty percent charge relaxation
times are related to the effective fuel conductivity, k. This is
obtained from the relation:

Et = Eo exp - (k t/eeo)
where Eo and Et are field strengths at time equal o and t seconds,

respectively. 5) is the absolute dielectric constant of a vacuum

12




i

(8.854 pA sec/V m) and € is the dimensionless relative dielectric
constant (equal to 2.0 for most hydrocarbon liquids). The effec-
tive conductivity in terms of the 50 percent relaxation time, t 1/2
is:

k(cu) = 12.27/ t1/2
with dimension of k in conductivity units, CU, equivalent to units
of picosiemens/m. Effective conductivity vs. rest conductivity
differences would be of interest in distinguishing effects of
different conductivity additives. Unfortunately, these fuels
generally had fifty percent relaxation times of 1-2 seconds, or
less, which could not be measured with better precision using the
conventional methods of this study. Therefore, although static
conductivities of nominal 100 CU generally yielded experimental
:1/2 of about 1 second, the resultant maximum effective coinduc—
tivities of 12 CU are apparently too low and too insensitive to
distinguish between additives.

At nominal-  80°F, the data of Table 3 indicate that
neither the flow configuration or the presence of No. 4, red
polyester foam and bladder have a measurable effect on charge
relaxation. At 25°F, charge relaxation times are loager than at
80°F and according to the data of Table 4, the foam and bladder
result in apparent increases in fifty percent relaxation times of
400-900%. (Separate data were not obtained with bladder only or
foam only at this temperature.) If charge relaxation were truly
much longer with this foam and bladder, much greater charge accumu-

lations should also occur. Since this was not observed, it is

assumed that reticulated foam holds the charge giving an indicated
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high field strength reading, while the bulk of the charge bleeds
from the fuel as usual. Thus, the height of the reticulated foam
in the SSET will affect the apparent field strength measurement.
Typical experimental field strength recordings at two different
foam heights are shown in Figure 2. Here fuel flow is through the
coalescer and the receiver is lined with bladder and filled with
No. 4 red polyester foam (red foam). With foam height equal to the
fuel level at end-of-test, lower end-of-test field strengths are
noted compared to foam height 1/2-inch above the final fuel level.
Also, at end-of-test, the charge relaxes to negligible charge
faster with fuel level at or above the foam surface compared to
fuel level below the foam surface. These results further support
the earlier assumption that the foam surface tends to become
charged and the charge is relaxed more slowly from the foam than
from the bulk fuel. 1In subsequent SSET studies, the height
of the reticulated foams was cut to correspond to the final fuel
level in order to minimize the foam effects on the SSET field
strengths and relaxation times,

e Charge Polarity: Charge polarity was deduced from the
observed sign of the streaming current from the respective electri-
cally isolated SQET component, It was assumed that the resultant
fuel polarity is opposite to that of the measured SSET component.
The usual charge characteristics for the various SSET flow configu-

rations are as follows:
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Figure 2. Effect of No. 4 Red Foam Level on Field Strength Measurements
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Usual SSET Component Relative Charging

Flow Configuration Charge Polarity* Rate @ 70°F
Through Coalescer + Highest
Through Separator - Intermediate

Through Coalescer
and Separator + Intermediate

Through By-Pass = Low

*Fuel polarity is assumed opposite

e Temperature Effect: The SSET charge accumulation-
temperature relationships with these configurations and JP-4 fuel
are shown in Figure 3. The data for these studies are presented in
Table 5. The largest effects between 0° and 70°F were observed
with fuel flow through the coalescer elements. Fuel flow through
the combination of coalescer and separator imparted an intermediate
charge to the fuel beéause these elements charged oppositely and
thus the charges partially neutralize each other. Field strengths
were higher at low temperatures despite often lower charge genera-
tion because the rate of charge relaxation was always slower as
shown in Tables 3 and 4. Highest charging was observed with fuel
flow through the coalescer, and this flow configuration was empha-
sized in subsequent studies. However, fuel flow through the
separator was also examined in order to compare effects of differ-

ent charge polarity.

Preliminary Conductivity Additive Results

The effect of conductivity additives in JP-4 and Jet A
was investigated in Tasks 2, 3, and 4. Physical properties

of the two fuels are listed in Table 6. The field strength results
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TABLE 6

PROPERTIES OF SSET TEST FUELS

Jet A JP-4
Properties Sty
Gravity, °API 46.9 53.5 }
Distillation,®F
IBP 325 133
10% 348 190
20% 357 214
50% 385 306
90% 467 441
E.P. 536 475
Hydrocarbon Type
Aromatics, % Vol. 19.8 12.3 1
Vapor Pressure, Llbs. = 2.3 |
Flash'Point, oF 125 = i
Freeze Point, °F 44 <=-60 ?
Viscosity @ -30°F 5.88 2.28 | 4
Existent Gum mg/1 0 0 ;/
sulfur, % Wt. - 0.079
Mercaptan Sulfur, ppm - 7 »”
| v
:
) :
|
21 |
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of JP-4 and Jet A with ASA-3 at 65° and 85°F, respectively, with
red foam and fuel flow through the coalescer are shown in Figure
4. These data are presented in Table 7. Charge accumulation, i.e.
field strength, at 65° and 85°F decreased rapidly as fuel conduc-
tivity increased from the 1-2 CU of non-additized fuel to 5-10 CU.
Increasing conductivity further caused an additional small decline
in charge accumulation. JP-4 and Jet A responded similarly to
increases in fuel conductivity at ambient temperature.

The effect of charge accumulation with temperature was
examined for JP-4 and Jet A without additive and with each fuel
additized to nominal 100 CU at 70°F with ASA-3. These results with
red foam and fuel flow through the coalescer are shown in Figure 5.
Both fuels accumulated charge similarly at room temperature. At
low temperatures with fuel flow through the coalescer, JP-4 (solid
line) base fuel charged significantly higher than Jet A (broken
line) base fuel. However, with ASA-3 dosage to achieve 100 CU at
70°F, charge accumulation at low temperatures was considerably
lower with JP-4 than Jet A. The data for these Jet A and JP-4
studies are presented in Table 8 and Table 9, respectively. From
the data it is apparent that the differences between JP-4 and Jet A
charging at low temperatures are not due to differences in fuel
conductivity. Low temperature fifty percent charge relaxation
times and charge accumulations (i.e. field strengths) tend to be
higher for unadditized JP-4 than unadditized Jet A, while ASA-3
significantly reduced fifty percent charge relaxation times and

field strengths in both fuels. These parameters tended to be lower

22
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FIGURE 5. COMPARISON OF JET-A AND JP-4 CHARGE ACCUMULATION
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for JP~4 than Jet A. The sensitivity of the fuel response to the
conductivity additive may depend upon the micro and macro composi-
tion and characteristics of the particular fuel, the SSET flow
configuration (as it effects charge magnitude and polarity), or the
nature of the foam.

The effect of SSET flow configuration with JP-4 was
investigated (with red foam) with base fuel, and base fuel addi-
tized to 100 CU at 70°F and at O°F with ASA-3 and Stadis 450.
Results of fuel flow through the coalescer are presented in Figure
6 (and Table 9) for ASA-3 and Figure 7 (and Table 10) for Stadis
450. ASA-3 effectively reduces JP-4 charge accumulation down to
3°F, or lower, with either dosage. However, Stadis 450 is ineffec-
tive at low temperatures with red foam and this fuel flow configu-
ration (Figure 7). Fuel additized to 100 CU at 70°F with Stadis
450 is pro-static, i.e. accumulates more charge than base fuel,
when the temperature is decreased below about 13°F. This fuel had
conductivity of 32 CU at 19°F. At O0°F, fuel additized to conduc-
tivity of 100 CU at O°F with Stadis 450 accumulated about the same
charge as base fuel with fuel flow through the coalescer.

Fuel flow through the separator charges fuel to opposite
polarity compared to the coalescer and generally to lower charge
magnitude. Results with red foam and with fuel flow through the
separator are shown in Figure 8 (and Table 11) for ASA-3 and Figure
9 (and Table 10) for Stadis 450. With this SSET fuel flow configu-
ration, ASA-3 usgge.ac a concentration to provide 100 CU at 70°F
is not effective below about 40°F (Figure 8) but Stadis 450 usage

to provide similar conductivity at 70°F (Figure 9) does control
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static charge accumulation between 0° and 70°F. With conductivity

additive dosage to provide 100 CU at 0°F, both additives satisfacto-

rily control fuel charging. Since coalescer charged fuel was
generally negative and separator charged fuel was generally posi-
tive, ASA-3 may be more efficient at controlling negative fuel
charge while Stadis 450 may more efficiently control positive fuel
charge. Alternately, there may be differences in coalescer and

separator charging mechanisms with ASA-3 and Stadis 450 additized

fuels. These results are not explained in terms of different fuel -

conductivities, since ASA-3 and Stadis 450 both responded similarly
to temperature (Figure 10).

With red foam and fuel flow through SSET coalescer and
separator, neither ASA-3 (Figure 11) nor Stadis 450 (Figure 12) are
effective at both low conductivity (i.e. less than about 30 CU) and
low temperature. Either charging or additive relaxation effects
determine the combined result of fl&w through the SSET coalescer
and separator elements with ASA-3 or Stadis 450. When the conduc-
tivity additive is most effective at controlling negative or
coalescer charged fuel, as for ASA-3, essentially neutral charged
fuel is delivered to the separator and separator charging and
relaxation .effects dominate. However, whenever high coalescer
charging is not being controlled by the conductivity additive, as
with Stadis 450, then the positive separator charge may not neutra-
lize the unrelaxed negative charges and the effects of coalescer
charging and relaxation dominate. The conductivity additive/JP-4
data for fuel flow through the SSET coalescer and separator are

presented in Table 12.
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SSET Reticulated Foam Results

Effects of reticulated foam in the receiver vessel have
been noted earlier. Field strengths obtained during the early
portion of the run with conductivity additized fuel and the summary
of effects between number 4, red polyester foam (red foam) and
blue, fine pore, polyether foam (blue foam) are presented in this
section.

Typical recorded SSET field strength traces as obtained
while filling foam-filled receivers with fuel containing conductiv-
ity additive are shown in Figure 13. This example is for Jet A
containing ASA-3 with fuel flow through the SSET coalescer ard the
receiver vessel lined with bladder and filled with red foam.
Initially, there is an increase in the magnitude of the field
strength during the first 10-40% of fill followed by a decrease
in field strength. This is followed by another increase in field
strength to a maximum at the end-of-tegt when the fuel level rises
above the foam surface. While the field strength meter does not
normally respond to field polarity, it was independently determined
that this behavior represented, in some cases, an actual change of
field polarity as the vessel fills. It is assumed that the initial
maxima represent peak charge on the foam surface and the second
maxima the charge on the fuel surface at end-of-test. The field
strengths of this report are end-of-test field strengths. It is
assumed that these field strengths reflect fuel effects while the
shape, magnitude, or polarity of the field strength records when
the receiver fuel level is below the foam surface, reflect foam
effects and have minimal effect on fuel charging results. Future
work should consider a detailed evaluation of these phenomena.
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Although the additive compatibility studies were all with
No. 4, red polyester foam (red foam), charging comparisons have
been made between SSET charging effects with red foam and blue,
fine pore, polyether foam (blue foam). Table 13 presents the SSET
charge accumulation results with red foam and blue foam, with Jet A
and JP-4, and shows the effects of temperature and conductivity
additives ASA-3 and Stadis 450.
These results suggest:
1) Without conductivity additive, with fuel flow
through the coalescer, field strengths are gen-
erally much higher with blue foam than with
red foam. This is especially true between 70°
and 20°F which covers hearly all fuel handling
temperatures in the field. At 5°F with Jet A (and
one JP-4 drum), the data are less convincing.
2) With ASA-3, with fuel flow through the coalescer,
charge accumulations are substantially reduced
with either red foam or blue foam except at 5°F.
In general, the field strengths are slightly higher
with the blue foam.
3) Stadis 450, with JP-4 fuel flow through the coales-
cer, does not control field strengths adequately

with either foam at 20° and 5°F.

Additive Charging and Compatibility Results
Base Fuel. As previously noted, MIL~-T-5624K requires or

permits several additives in JP-4. FSII, ethylene glycol mono-
methyl ether (EGME) is a required additive and, therefore, 0.15%
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TABLE 13

COMPARISON OF CHARGING WITH RED AND BLUE FOAMS
FUEL FLOW THROUGH COALESCER

Field Strength, KV/m w/Red Foam Field Strength, KV/m w/Blue Foam

Fuel 70°F 20°F 5°F 70°F 20°F 5°F

Base Fuels w/o Additive

Jet A, B77-1, D7 33 60 68 220 104 45
JP-4, B77-1, D2 10 133 193 130 335 305
JP-4, B77-2, D1 30 137 206 250 253 255
JP-4, B77-2, D3 25 175 190 230 150 40

Base Plus ASA-3
(100 CU @ 70 F)

Jet A, B77-1, D7 4 33 80 5 50 96
JP-4, B77-2, D1 5 15 24 15 40 70
Base Plus Stadis 450
(100 CU @ 70 F)
JP-4, B77-2, D3 20 120 375 5 370 625
43
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EGME was used in the base fuel. Figure 14 and Table 14 show the
effect of EGME on charge accumulation between 20° and 65°F with red
foam and fuel flow through the coalescer. At 25° and 65°F the JP-4
base fuel field strengths are similar to those of EGME additized
fuel but higher at 42°F. 1In general, measured field strengths
tended to increase as fuel temperature decreased. While the
opposite effect (decrease in field strength as temperature is
reduced) was generally not observed, effects similar to the base
fuel field strengths of Figure 14 did occur in several test series.
It is assumed that charging differences may be attributed to
undetermined fuel or SSET factors. All JP-4 fuels for -these
additive studies were from a single production run and were stored
in separate fifty-five gallon drums for each additive study. Small
differences in impurities were thus possible between various drums
of fuel. Also for each additive study, nine new coalescer and nine
separator elements are installed in the appropriate vessles and it
is assumed that individual coalescer or separator elements may not
charge identically. (Nine.elements would tend to average small
differences in charging properties but some small variations are
still possible.) Further, each additive study used a fresh red
foam sample in the receiver. These possible drum-to-drum varia-
tions of fuel, element-to-element variance of coalescers and
separators, and the sample-to-sample differences of reticulated red
foams are not independently controlled. Instead, the drum of fuel
is sequentially additized and charging effects analyzed on the same
fuel before and after additization. In summary, the results for

this fuel, with fuel flow through the coalescer and red foam in the
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receiver indicate that EGME has no significant effect on charge
accumulation at 23° and 65°F but may be pro-static, i.e. increases
charge accumulation, at intermediate temperatures. After the tests
with EGME, ASA-3 was added to the fuel and the fuel then retested.
With fuel flow through the coalescer and red foam in the receiver,

ASA-3 effectively reduces charge accumulation.

Fractional Change in Field Strength. In the preliminary

SSET charging studies, absolute values of the field strength in the
receiver (at 90% full) were applied for assessment of resultant
charge accumulation. A slightly different approach was used to
compare additive charging effects. As previously noted, in the
additives and additive combination’studies, a fresh drum of JP-4
fuel (all from the same batch) was used with new coalescer and
separator elements and new red polyester foam in the receiver
vessel. A base fuel (JP-4 + EGME) run was made each time and.the
effect of the additives determined relative to the respective base
fuel. This relative comparison compensated for individual varia-
tions among drummed fuels, coalescer/separator elements and foam
samples. The parameter, fractional change in field’sttength, dF,
was defined:

dF = F-F
0o

i T
o

where F is absolute value of Field Strength with the additive

and F_ is absolute value of field strength without the additive.
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To illustrate: a negative value of dF indicates the additive
is antistatic, i.e. results in less fuel charging. Complete
elimination of static charge accumulation, i.e. F = 0, leads to:

dF = o = -1.0

If the additive has no effect on charge accumulation, F = Fo, and
dF = 0
If the additive is pro-static and causes an increase in charge

accumulation, dF is positive. For example, if the field strength

doubles or triples, i.e. F = 2Fo or 3F0 then
dF = 2Fo = Fo = +1.0
F
o
or
dF = 3Fo = Fo = +2.0
F
.

The fractional change in field strength, dF, calculated from
best-fit curves of the experimental field strength data, permitted
comparable comparisoﬁs of different fuel charging conditions. In
order to focus attention on the additive and additive combination
effects in this reporf, only dF comparisons are made. Data summa-
ries and absolute field strength plots for all additive and combin-
ations studies are in the appendix. The order of the additive
presentation does not correspond to the order in which the runs
were made so that run numbers in the tables are not necessarily
consecutive.

At temperatures around 70°F, absolute field strengths
in the SSET were generally low. It is expected that static elec-

tric charging in the field is alsc low in this temperature range.
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Thus, increases in field strength of less than 100%, i.e. up to
double the base fuel field strength, were generally considered not
significant around 70°F. With fuel flow through the SSET separa-
tor, the absolute field strengths were generally low at all temper-
atures. However, the SSET separator generated a specific type of
charge and it cannot be assumed that this type of charge is small
in the field and thus are considered in these SSET studies in spite
of their low magnitude. Therefore, although dF parameters from low
field strength separator charging data are less precise than
results from high field strength coalescer charging, the same dF
criteria were used for noting significant effects. The test for dF
significance in either SSET flow configuration (at temperatures
below about 50°F) was that changes greater than +0.5 are to be
considered significant.

Additive Study Procedures. In the additive and additive

combination studies, the following experimental procedures were
applied. Since FSII is mandatory in JP-4 fuel, 0.15% EGME was used
in all base fuels. The usual practice was to add EGME at room
temperature and then obtain at least duplicate runs with fuel flow
through the coalescer followed by runs with fuel flow through the
separator. After each test run, the fuel in the SSET receiver was
returned to the suppiy drums. The temperature of the room was then
lowered overnight to nominal 35°F and the run sequence repeated
at the new temperature. The same procedures were repeated at
nominal 0°F. After the base fuel runs were completed at 0°F, the
approved additive or additive combination was added to the supply

drum at 0°F. The fuel was pumped between the reserve drum and the
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supply drum to achieve complete mixing of the additives. The SSET
charging of base fuel plus additive was then examined successively
at nominal 0°, 35° and 70°F. Following these tests at 70°F, the
fuel was divided into two parts, one part was additized with ASA-3
and the other with Stadis 450. The fuel was circulated through the
coalescer and separator elements to effect mixing and to condition
these devices to the conductivity additive. SSET charging tests
were run at nominal 25°F and 0°F with one additive before the
second portion of fuel was additized and the test sequence re-
peated. To avoid contamination of the conductivity additives
after the first conductivity additive had been examined, the
coalescer, separator and receiver vessels (containing elements and
foam, respectively) were flushed with clean Jet A until the conduc-
tivity of the effluént fuel was equivalent to fresh fuel. The test
sequence of ASA-3 and Stadis 450 was alternated in successive
additive studies. After each study, the fuel was discarded, i.e. a
fresh drum of fuel is used for each study, no fuel is re-used.
The following list of fifteen additives or combinations
were examined without and with conductivity additives, Shell ASA-3
and DuPont Stadis 450 (Fuel System Icing Inhibitor (FSII) ethylene
glycol monomethyl ether @ 0.15% vol. was included in all fuels.):
1) Five corrosion inhibitor additives.
(a) DuPont DCI-4A @ 8 1bs./1000 bbl.
(b) UOP Unicor J @ 8 1bs./1000 bbl.
(c) Petrolite Tolad 246 @ 8 1lbs./1000 bbl.
(d) Hitec E-515 @ 16 1bs./1000 bbl.

(e) Apollo PRI-19 @ 8 1lbs./1000 bbl.
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2)

3)

On the basis
were tested.

4)

5)

6)

7)

Two antioxidant additives.
(1) Ethy1l733 @ 8.4 1bs./1000 bbl.
(b) DuPont A0-33 @ 8.4 1bs./1000 bbl.
Metal Deactivator Additive (MDA).
N,N'-disalicylidene-1,2-propanediamine @ 2 lbs./
1000 bbl.

of these tests, the following additive combinations

Three corrosion inhibitor/antioxidant combina-

tions.

(a) DuPont DCI-4A/Ethyl 733 @ 8.0 and 8.4 lbs./
1000 bbl., respectively.

(b) Hitec E-515/Ethyl 733 @ 16.0 and 8.4 lbs./
1000 bbl., respectively.

(c) Petrolite Tolad 246/Ethyl 733 @ 8.0 and
8.4 1bs./ 1000 bbl., respectively.

Two corrosion inhibitor/MDA combinations.

(a) Hitec E-515/MDA @ 16.0 and 2.C lbs./
1000 bbl., respectively.

(b) Petrolite Tolad 246/MDA @ 8.0 and 2.0 lbs./
1000 bbl., respectively.

One antioxidant/MDA combination.

Ethyl 733/MDA @ 8.4 and 2.U 1bs./1000 bbl.,

respectively.
One corrosion inhibitor/antioxidant/MDA combination
Petrolite Tolad 246/Ethyl 733/MDA @ 8.0, 8.4, and

2.0 1be./1000 bbl., respectively.
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Coalescer Charging Studies.

1. DuPont DCI-4A (corrosion inhibitor)

With fuel flow through the SSET céalescer, 8.0 1bs./1000
bbl. DuPont DCI-4A significantly increased the charge accumulation
of base fuel, JP-4 + 0.15%7 EGME, between about 20° and 10°F.
However, around 3°F the additized fuel accumulated only about half
as much charge as base fuel. The trend reversal at 3°F.was not
typical. Generally, as the SSET temperature decreased, lower
charge densities were obtained but these charges relaxed more
slowly at low temperatures. The effect of longer relaxation times
generaliy resulted in greater charge accumulation in the receiver
at low temperatures. The results at 3°F with base fuel containing
DuPont DCI-4A are not readily explained relative to other additive
results. Increasing fuel conductivity to nominal 100 CU.at 0°F
with ASA-3 or Stadis 450 effectively reduces charge accumulation
almost 100%Z. The DuPont DCI-4A results are shown in Figure 15.
For DuPont DCI-4A with conductivity additives, studies were per-
formed at O0°F only. The field strength results are presented in
Appendix Figure Al. All data for this additive study are in
Appendix Table Al.

2. UOP Unicor-J (corrosion inhibitor)
With fuel flow through the SSET coalescer, UOP Unicor J

was antistatic, i.e. accumulated less charge relative to base

fuel, between 20° and 70°F. 1Increasing fuel conductivity to-

nominal 100 CU at 20°F with ASA-3 or Stadis 450 reduced charge
accumulation further by 70-80%. Data were not obtained below 25°F

for this additive. These results are shown in Figure 16. The
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2)

3)

On the basis
were tested.

4)

5)

6)

7

Two antioxidant additives.

(1) Ethyl 733 @ 8.4 1bs./1000 bbl.

(b) DuPont AQ-33 @ 8.4 lbs./1000 bbl.

Metal Deactivator Additive (MDA).
N,N'-disalicylidene-1,2-propanediamine @ 2 lbs./

1000 bbl.

of these tests, the following additive combinations

Three corrosion inhibitor/antioxidant combina-

tions.

(a) DuPont DCI-4A/Ethyl 733 @ 8.0 and 8.4 lbs./
1000 bbl., respectively.

(b) Hitec E-515/Ethyl 733 @ 16.0 and 8.4 lbs./
1000 bbl., respectively.

(c) Petrolite Tolad 246/Ethyl 733 @ 8.0 and
8.4 1bs./ 1000 bbl., respectively.

Two corrosion inhibitor/MDA combinations.

(a) Hitec E-515/MDA @ 16.0 and 2.0 lbs./
1000 bbl., respectively.

(b) Petrolite Tolad 246/MDA @ 8.0 and 2.0 1lbs./
1000 bbl., respectively.

One antioxidant/MDA combination.

Ethyl 733/MDA @ 8.4 and 2.U 1bs./1000 bbl.,

respectively.
One corrosion inhibitor/antioxidant/MDA combination
Petrolite Tolad 246/Ethyl 733/MDA @ 8.0, 8.4, and

2.0 1bs./1000 bbl., respectively.
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field strength data are presented in Appendix Figure A2. All data
are presented in Appendix Table A2.

3. Petrolite Tolad 246 (corrosion inhibitor)

With fuel flow through the SSET coalescer, 8.0 lbs./1000
bbl. Petrolite Tolad 246 had no significant effect on base fuel
from about 5°F to 70°F within the dF tolerances of +0.5. In-
creasing fuel conductivity to nominal 100 CU at 0°F with ASA-3 or
Stadis 450 significantly reduced charge accumulation by more than
80%. Conductivity additives were added at 0°F only. Theée'fesults
are shown in Figure 17. Field strength data are plotted in Appen-
dix Figure A3; all data are in Appendix Table A3.

4. Hitec E-515 (corrosion inhibitor)

With fuel flow through the SSET coalescer, 16 lbs./1000
bbl. Hitec E-515 was anti-static to base fuel between 0° and 70°F.
Increasing fuel conductivity to nominal 100 CU at 0°F with ASA-3 or
Stadis 450 decreased charge accumulations by more than 90%. These
results are shown in Figure 18. Field strength data are plotted in
Appendix Figure A4; the data are tabulated in Appendix Table A4.

5. Apollo PRI-19 (corrosion inhibitor)

With fuel flow through the SSET coalescer, 8.0 lbs./1000

bbl. Apollo PRI-19 was pro-static (dF > 0.5 ) below about 10°F.

.The pro-static effects above about 68°F may not be significant

because, as noted, charge accumulation is generally low around
ambient temperature and fractional increases less than 1.0 may not
represent a static hazard. Apollo PRI-19 generally had no static
effects on base fuel between 30°and 65°F. Increasing fuel conduc-

tivity to nominal 100 CU at 0° and 25°F with ASA-3 or Stadis 450
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significantly decreased charge accumulation by more than 90%.
These results are shown in Figure 19. The field strength data
are plotted in Appendix Figure A5; all data are presented in
Appendix Table AS.

6. Ethyl 733 (antioxidant)

With fuel flow through the SSET coalescer, 8.4 lbs./1000
bbl. Ethyl 733 was generally anti-static to base fuel or had
essentially no effect. Increasing fuel conductivity to nominal 100
CU at 0° and 25°F with ASA-3 or Stadis 450 decreased charge accumu-
lations further by more than 90%. These results are shown in
Figure 20. The field strength data are plotted in Appendix Figure
A6; all data are in Appendix Table A6.

7. DuPont A033 (antioxidant)

‘With fuel flow through the SSET coalescer, 8.4 lbs./1000
bbl. DuPont A033 had no significant effect on base fuel charge
accumulation between 0° and 70°F. Increasing fuel conductivity to
nominal 100 CU at 0° and 25°F with ASA-3 or Stadis 450 resulted in
decreases in charge accumulation of more than 90%. These results
are shown in Figure 21. The field strength data are plotted in

Appendix Figure A7; all data are in Appendix Table A7.

8. N,N'-disalicylidene-1,2-propanediamine (metal deactivator, MDA)

With fuel flow through the SSET coalescer, 2.0 lbs./1000
bbl. MDA had no significant effect on base fuel charge accumula-
tion between 0° and 70°F. Increasing fuel conductivity to nominal
100 CU at 0° and 25°F with ASA-3 or Stadis 450 resulted in de-

creases in charge accumulation of more than 90%. These results are
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shown in Figure 22. The field strength data are plotted in Appen-
dix Figure A8; all data are in Appendix Table A8.

9. DuPont DCI-4A + Ethyl 733

With fuel flow through the SSET coalescer the additive
combination 8.0 and 8.4 1bs./1000 bbl. of corrosion inhibitor
DuPont DCI-4A and antioxidant Ethyl 733, respectively, was anti-
static relative to base fuel charge accumulation between about 3°

and 70°F. Below about 3°F, the additized fuel was pro-static

relative to base fuel. This agrees with earlier DCI-4A data which

indicated pro-static characteristics at low temperatures (Figure
15). Increasing fuel conductivity to nominal 100 CU at 0° and 25°F
with ASA-3 or Stadis 450 resulted in significant reductions in
charge accumulation of about 85-90%. These results are shown in
Figure 23. The fieid strength data are plotted in Figure A9; all
data are in Appendix Table A9.

10. Hitec E-515 + Ethyl 733

With fuel flow through the SSET coalescer, the additive
combination 16.0 and 8.4 1bs./1000 bbl corrosion inhibitor Hitec
E-515 and antioxidant Ethyl 733, respectively, had no significant
effect on base fuel chafge accumulation between 0° and 70°F.
Increasing fuel conductivity to nominal 100 CU at 0° and 25°F with
ASA-3 or Stadis 450 resulted in significant reductions in charge
accumulation of about 80-90%. These results are shown in Figure
24. The field strength data are plotted in Appendix Figure Al0Q;
all data are in Appendix Table AlO.

11. Petrolite Tolad 246 + Ethyl 733

With fuel flow through the SSET coalescer, the additive
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combination 8.0 and 8.4 1bs./1000 bbl corrosion inhibitor Petrolite
Tolad 246 and antioxidant Ethyl 733, respectively, was significant-
ly anti-static to base fuel between about 13° and 70°F. Increasing
fuel conductivity to nominal 100 CU at 0° and 25°F with ASA-3 or
Stadis 450 resulted in further reductions in charge accumulation of
more than 80%Z. These results are shown in Figure 25. The field
strength data are plotted in Appendix Figure All; all data are in
Appendix Table All.

12. Hitec E-515 + MDA

With fuel flow through the SSET coalescer, the additive
combination 16.0 and 2.0 1lbs./1000 bbl. corrosion inhibitor Hitec
E-515 and metal deactivator MDA, respectively, was slightly pro-
static to base fuel above about 50°F. As previously noted, modest
increases in charge accumulation at ambient temperatures may not be
significanf because the absolute field strengths are generally low
at these temperatures. Increasing fuel conductivity to nominal 100
CU at 0° and 25°F with ASA-3 or Stadis 450 and at 75 F with ASA-3
significantly reduced charge accumulation by more than 80%. These
results are shown in Figure 26. The field strength data are
plotted in Appendix Figure Al2; all data are in Appendix Table Al2.

13. Petrolite Tolad 246 + MDA

With fuel flow through the SSET coalescer, the additive
combination 8.0 and 2.0 1lbs./1000 bbl. corrosion inhibitor Petro-
lite Tolad 246 and metal deactivator MDA, respectively, had no
significant effect on base fuel charge accumulation from about 0°F
to 70°F. Increasing fuel conductivity to nominal 100 CU at 0° and

25°F with ASA-3 or Stadis 450 and at 70°F with Stadis 450 resulted
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in reductions in charge accumulation of more than 90%. Those
results are shown in Figure 27. The field strength data are
plotted in Appendix Figure Al3; all data are in Appendix Table
Al”.

14. Ethyl 733 + MDA

With fuel flow through the SSET coalescef, the additive
combination 8.4 and 8.0 1bs./1000 bbl antioxidant Ethyl 733 and
metal deactivator MDA, respectively, was insignificantly anti-
static to base fuel between 0° and 70°F. Increasing fuel conduc-
tivity to nominal 100 CU at 0° and 25°F with ASA-3 or Stadis 450
and at 70°F with Stadis 450 resulted in significant reductions in
charge accumulation of more than 90%. These results are shown in
Figure 28. The field strength data are plotted in Appendix Figure
Al4; all data are in Appendix Table Al4.

15. Petrolite Tolad 246 + Ethyl 733 + MDA

With fuel flow through the SSET coalescer, the additive
combinations 8.0, 8.4, and 2.0 1lbs./1000 bbl. corrosion inhibitor
Petrolite Tolad 246, antioxidant Ethyl 733, and metal deactivator
MDA, respectively, had no significant effect on base fuel from
about 0° to about 65°F. The increase in charge accumulation
relative to base fuel at ambient temperature may not be signifi-
cant. Increasing fuel conductivity to nominal 100 CU at 0° and
25°F with ASA-3 or Stadis 450 and at 70°F with ASA-3 resulted in
significant reductions in charge accumulation of more than 90%.
These results are shown in Figure 29. The field strength data are

plotted in Appendix Figure Al5; all data are in Appendix Table AlS.
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16. Summary of Coalescer Charging Results

The corrosion inhibitor results are summarized in Figure
30. With fuel flow through the SSET coalescer, Petrolite Tolad 246
generally had no significant (dF less than 0.5) electrostatic
charging effect on base fuel, JP-4 + 0.15%Z EGME. Hitec E-515 and
UOP Unicor J were generally anti-static relative to base fuel.
However, DuPont DCI-4A and Apollo PRI-19 showed significant pro-
static effects below about 30° and 10°F, respectively. Thus, in
the absence of conductivity additives, DuPont DCI-4A and Apollo
PRI-19 may be electrostatic hazards at low temperatures. Both
conductivity additives, ASA-3 and Stadis 450, were significantly
anti-static at 25° a'nd 0°F for all JP-4/additive and additive
combinations studied. (Conductivity additives were examined only
at 0°F for DuPont bCI-aA and Petrolite Tolad 246; and only at
25°F for UOP Unicor J.)

Separator Charging Studies. Fuel flow through the SSET

separator generally generates charges of opposite polarity than
coalescer flow. Also, generally, the magnitude of the separator
generated charge accumulation was lower. During the course of this
study, the separator element manufacturer chang‘ed suppliers for the

filter paper media used in the SSET separator elements. The

magnitude of charging was much greater in these 'new'" separator
elements although polarity and trends with temperature were
as the "old" separators. In general, dF, fractional change in
field strength, trends were not affected by the change in charging

magnitude. Although the experimental data precision was generally
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less with fuel flow through the separator, the same significance
criteria, i.e. dF greater than 0.5, was applied as for coalescer
charged fuel.

In each additive study at a given temperature, charging
was first examined with fuel flow through the coalescer followed by
studies with fuel flow through the separator. Thus, data were
alternately obtained with both configurations with the same fuels.
In the following presentation of the separator charging results,
additive concentrations are as presented earlier and are not
repeated.

1. DuPont DCI-4A

Similar to previously observed coalescer charged fuel,
separator charged fuel containing DuPont DCI-4A was significantly
pro-static below about 45°F. Anti-static tendencies were bbserved
above 50°F but this may not be significant because of generally low
charging at these temperatures. These results are shown in Figure
31. Field strength data for this additive with fuel flow through
the separator are plotted in Appendix Figure Al6; the complete SSET
data are in Appendix Table Al6. In spite of the strong pro-static
effects with this additive, increasing the conductivity of the
generally negatively charged fuel to nominal 100 CU at O0°F with
ASA-3 or Stadis 450 resulted in almost 100% reduction of the charge

accumulation.

2. UOP Unicor J

With fuel flow through the SSET separator, this additive

had a significant pro-static influence on JP-4 + EGME base fuel
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below about 30°F. Similarly, pro-static activity was noted above
62°F but this may not be significant as previously noted. Increas-
ing conductivity to nominal 100 CU at 23°F with either ASA-3 or
Stadis 450 effectively reduced separator charge accumulation to
negligible values. These results are plotted in Figure 32. Field
strength data are plotted in Appendix Figure Al7; all data are in
Appendix Table Al7.

3. Petrolite Tolad 246

With fuel flow through the SSET separator, this additivg
had no significant effect on base fuel charge accumulation between
about 4° and 70°F. Increasing fuel conductivity to nominal 100 CU
with either Stadis 450 or ASA-3 significantly reduced charge
accumulation at about 5°F. Results for Petrolite Tolad 246 with
fuel flow through the SSET separator are presented in Figure 33.
The field strength are plotted in Appendix Figure Al8; all data are
in Appendix Table AlS8.

4. Hitec E-515

With fuel flow through the SSET separator, Hitec E-515
had a significant pro-static effect on base fuel from about 13° to
70°F. Increasing fuzl conductivity to nominal 100 CU at about 5°F
significantly reduced the charge accumulation at this temperature.
Results for Hitec E-515 with fuel flow through the separator are
shown in Figure 34. The field strength data are plottea in Appen-
dix Figure Al9; the complete data set for this additive and flow
configuration are in Appendix Table Al9.

5. Apollo PRI-19

With fuel flow through the SSET separator, Apollo PRI-19
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was significantly anti-static relative to base fuel between 0° and
70°F. 1Increasing fuel conductivity to nominal 100 CU at 0° and
20°F with either ASA-3 or Stadis 450 resulted in further signifi-
cant reductions in field strength. These results are shown in
Figure 35. The experimental field strength data are plotted in
Appendix Figure A20; all data are tabulated in Appendix Table A20.
6. Ethyl 733

With fuel flow through the SSET separator, Ethyl 733 was
slightly anti-static relative to base fuel charge accumulation
between 0° and 70°F. Increasing fuel conductivity to nominal 100
CU at O0°F and 22°F with either ASA-3 or Stadis 450 resulted in
further significant reductions in charge accumulation. These
results are shown in Figure 36. The field strengths are plotted in
Appendix Figure A21; all data are in Appendix Table A21.

7. DuPon: A033

With fuel flow through the SSET separator, DuPont A033
had no appreciable effect on base fuel charge accumulation between
0° and 70°F. However, increasing fuel conductivity to nominal 100
CU with either ASA-3 or Stadis 450 at about 3° and 25°F resulted in
significant reductions in charge accumulation. These results with
DuPont A033 are shown in Figure 37. The field strength data are
plotted in Appendix Figure A22; all data are in Appendix Table A22.

8. N,N'-disalicylidene-1,2-propanediamine (MDA)

With fuel flow through the SSET separator, MDA had no
significant effect on base fuel charge accumulation between 0° and
70°F. Increasing fuel conductivity to nominal 100 CU with either

ASA-3 or Stadis 450 at about 5° and 25°F resulted in significant
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reductions in charge accumulation. These results are shown in
Figure 38. The field strength data are plotted in Appendix Figure
A23; all data are in Appendix Table A23.

9. DuPont DCI-4A + Ethyl 733

With fuel flow through the SSET separator, the additive
combination DuPont DCI-4A + Ethyl 733 had no significant effect on
base fuel charge accumulation between 0° and 50°F. Increasing fuel
conductivity to nominal 100 CU with either ASA-3 or Stadis 450 at
about 5° and 25°F resulted in significant reductions in charge
accumulation. These results are shown in Figure 39. The field
strength data are plotted in Appendix Figure A24; all data are in
Appendix Table A24.

10. Hitec E-515 + Ethyl 733

With fuel flow through the SSET separator, Hitec E-515 +
Ethyl 733 had no appreciable effect on base fuel charge accumula-
tion below about 45°F. However, from about 45°F to 70°F, this
additive combination had a significant pro-static effect. Increas-
ing fuel conductivity to nominal 100 CU with either ASA-3 or Stadis
450 effectively controlled the electrostatic charge accumulations
at 0° and 25°F. These results are shown in Figure 40. Field
strength data are plotted in Appendix Figure A25; all data are in
Appendix Table A25.

11. Petrolite Tolad 246 + Ethyl 733

With fuel flow through the SSET separator, Petrolite
Tolad 246 + Ethyl 733 had no appreciable effect on base fuel charge
accumulation below about 45°F. However, from about 45°F to 70°F,

this additive combination had a significant pro-static influence on
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base fuel charge accumulation. Increasing fuel conductivity to
nominal 100 CU at about 5° and 25°F with either Stadis 450 or ASA-3
resulted in significant reductions in charge accumulation. These
results are presented in Figure 41. Field strength data are
plotted in Appendix A26; all data are in Appendix Table Al6.

12. Hitec E-515 + MDA

With fuel flow through the SSET separator, this additive
combination was signifiicantly pro-static between 0° and 70°F.
However, increasing fuel conductivity to nominal 100 CU at about 5°
and 20°F with either ASA-3 or Stadis 450 and to nominal 100 CU at
75°F with ASA-3, resulted in significant reductions in charge
accumulation. These results are presented in Figure 42. Field
strength data are plotted in Appendix Figure A27; all data are in
Appendix Table A27.

13. Petrolite Tolad 246 + MDA

With fuel flow through the SSET separator, this additive
combination was slightly anti-static to base fuel between 0° and
70°F. Increasing fuel conductivity to nominal 100 CU at about 5°
and 25°F with Stadis 450 or ASA-3 and at 70°F with Stadis 450
resulted in significant reductions in charge accumulation. These
results are presented in Figure 43. Field strength data are
plotted in Appendix Figure A28; all data are in Appendix Table
A28.

14. Ethyl 733 + MDA

With fuel flow through the SSET separator, this additive
combination had no significant effect relative to base fuel charge

accumulation between 0° and 70°F. Increasing fuel conductivity to
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nominal 100 CU at about 5° and 20°F with either ASA-3 or Stadis 450 .
and at 70°F with Stadis 450 resulted in significant reductions in ]
charge accumulation. These results are presented in Figure 44.
Field strength data are plotted in Appendix Figure A29; all data i
are in Appendix Table A29.

15. Petrolite Tolad 246 + Ethyl 733 + MDA

With fuel flow through the SSET separator, this additive
combination had no significant effect on base fuel charge accumula-
tion between about 8°F and 63°F. At lower temperature (8°- 0°F)
the additive tended to be anti-static relative to base fuel. At
higher temperatures, 63° - 70°F, this additive tended to be pro-
static; however, at these temperatures, the effect may not be
significant. At any rate, increasing fuel conductivity to nominal
100 CU at about 5° and 25°F with Stadis 450 or ASA-3 and at 70°F
with ASA-3 resulted in significant reductions in charge accumula-
tions. These results are presented in Figure 45. Field strength
data are plotted in Appendix Figure A30; all data are in Appendix
Table A30. b

16. Summary of Separator Charging Results

With additized JP-4 fuel flow through the SSET separator, w

the observed additive combination pro-static effects all appeared

related to the corrosion inhibitor. DuPont DCI-4A was significant-

b

ly pro-static relative to base fuel below about 45°F as was found

T

with fuel flow through the SSET coalescer. Hitec E-515 was also

.
v

L

- significantly prostatic relative to base fuel above about 15°F with
this flow configuration. Additive combinations Hitec E-515 + Ethyl 4

733, Hitec E-515 + MDA, Tolad 246 + Ethyl 733, and Tolad 246 +

93




- - e N TR RSP 5. NI, SR W ARG . T i Aada

HLIONIYLS 0T314 NI 3ONVHI TYNOILIVYS NO VOW+EEZ TAHLI 40 133443 “v¥ MDII

(4 "930) 3NLVY3dH3L

08 m« 09 0s or 0€ & 01 3 0
| I I ! 1 1-

Hs-
mn
b
>»
/ n
(133 3SVE) - (13n4 1S3L) z

G- “ﬁﬂa '
>
4

i <
5 LEPE 47
. >4
b
—4S°1 m
(1304 1531)- (1304 SIAVLS) () @
(7304 1531 - (13n4 YSV)  ® wid m
Y04 ¥31S3A70d .03, g 4
134 3SVE MII+vdl
HOLVHVJ3S HONOY¥HL AOT3 T3N3
1 1 1 1 | 1 i i | €




e

HIONRULS 07314 NI 3ONVHI WNOILIVYS NO VOL+4EEL TAHI3+9#C OV0L 40 133443 Sy NSIJ

(4 '330) NLVY¥3dW3L

06 o8 ¢ 08 0s oy o€ 0z o1 0
@ = I T Z Yo
e .5
o
b
&
- 8) - (713nJ. 1S31) do m !
<
»
r
5
1 ¢
>» b
- 1 m Y
z
‘.
ﬁl - n.ﬂ “.-l-
o
(1303 1S3L)- (1303 SI1QVIS) (S »
- (13nd 1S31)- (1304 YSV) () —Z m
1 HVO3 ¥31S3A70d .03, b e 3
13n3 3SVE MDI+vdl
HOLYY¥VJ3S HONOWHL AOT4 13N
1 1 1 1 1 1 i & e




——

Ethyl 733, and Tolad 246 + Ethyl 733 + MDA also appeared to have
some pro-static tendencies. The fractional change results for the
five corrosion inhibitors of this study with fuel flow through the
separator are presented in Figure 46. Significant effects are

taken to be absolute values of dF greater than 0.5.

Effect of Additives on Conductivity Improver Response

The contract study examined the reduction of static
electricity charge accumulation by the use of conductivity addi-
tives in JP-4 containing other military approved additives. The
required concentrations of ASA-3 and Stadis 450 in JP-4 for nominal
100 CU at 20° and O°F with the approved additives and combinations
are listed in Table 15. Generally, lower concentrations of Stadis
450 than ASA-3 were required to achieve similar JP-4 fuel conduc-
tivity at nominal 0° and/or 20°F, except where synergistic effects
were noted. Hitec E-515 has a positive synergism with ASA-3,
i.e. increased fuel sensitivity to the conductivity additive while
Tolad 246 appeared to have a negative synergism. Thus, Hitec E-515
additized fuels required 60-80% less ASA-3 for similar fuel conduc-
tivity than Tolad 246 additized fuels. Other additives and their
combinations did not appear tq-significantly affect the ASA-3/fuel
response. Generally, synergistic effects were less apparent with
Stadis 450 additized fuels. However, Apollo PRI-19 reduced the
Stadis 450/fuel response such that about twice as much Stadis 450
was required for nominal 100 CU compared to Stadis 450 concentra-
tions with glher approved additives. A slight positive synergism

was observed for Stadis 450 with corrosion inhibitor/antioxidant
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TABLE 15

CONCENTRATION OF CONDUCTIVITY ADDITIVES FOR 100 CU AT 20° and O°F

A i i ¢ e ik daluk S

I pPpm Ppm PPm ppm
JP-4 + FSII ASA-3 ASA-3 Stadis 450 Stadis 450
+ Additive @ 20°F @ O°F @ 20°F @ O°F
Base Fuel (less FSII) - 2.0 - 1.2
Base Fuel L.1 - - -
}
‘ DCI-4A - 2.0 - 0.9
! Unicor J 1.9 - 0.6 -
Tolad 246 - 2.5 - 1.0
Hitec E-515 - 1.0 - 1.0
Apollo PRI-19 1.4 1.4 2.1 2.1
Ethyl 733 0.75 1S 0.9 1.0
DuPont A033 1.3 X7 0.75 1.0
MDA 1.0 1.3 0.6 0.74
DCI-4A/E 733 1.7 1.9 0.5 0.6
Hitec/E 733 0.6 0.6 0.5 0.5
Tolad/E 733 2.5 2:5 0.5 0.5
t Hitec/MDA 0.6 0.6 0.4 0.4
Tolad/MDA 2.0 2.8 0.8 0.9
E 733/MDA 1.5 1.6 0.75 0.9
Tolad/E 733/MDA 2.25 2.75 0.75 1.0
w
1Y
b
i
i
]
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and corrosion inhibitor/MDA combinations. These results are
for a single JP-4 fuel. The synergistic effect of Hitec E-515 has
been documented in other fuels but, in general, these results

should be verified on other fuels.

Effect of Fuel Water Content

There was no apparent correlation between fuel charging
and water content. This may have been due to poor precision in the
water measurement; experiméntal deviations as much as +10 ppm at 30
ppm average total water were noted in some cases. Tables Al
through A30 also contain water content data in addition to other
electrostatic charging data. The water content data for the
various JP-4/additive studies are summarized in Table 16. Because
the water content results are similar for all fuels, it was not
possible with these tests to find a correlation between fuel water

content and its charging properties.

MST-SSET Charging Correlation Results

The Mini-Static Test (MST), developed by Exxon R&D, has
been used by Mobil and others to compare charge generation tenden-
cies of hydrocarbon liquids. In this device, streaming currents
from a metal filter paper holder are measured as fuel is forced
through the filter paper by air pressure. Three SSET fuels were
examined by both techniques at 70°F. MST charging was compared
to 3SET charge densities from WBoth the coalescer and separator
vessels. Figures 47, 48, and 49 (and Tables 17, 18, and 19) for

the additive combinations Hitec E-515 + MDA, Ethyl 733 + MDA, and

99
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TABLE 16

TOTAL WATER CONTENT OF SSET FUELS

ppm Water in ppm Water in

Base Fuel @ Additized Fuel w/ASA-3 @
Additive T 35% 0% 70° 35° 0° 25°
DCI-4A 34 30 - 32 27 24 -
Unicor J 46 55 - - 38 - 26
Tolad 246. 40 24 16 32 31 18 -
Hitec E-515 31 20 18 23 24 22 -
Apollo PRI-19 29 30 20 35 29 22 25
Ethyl 733 30 21 20 32 23 16 29
DuPont A033 34 35 21 27 23 20 21
MDA 34 27 20 33 33 18 30
DCI-4A 42 38 39 42 33 29 33
Hitec E-515/E 733 47 44 - - 40 18 41
Tolad 246/E 733 51 35 21 41 30 15 17
Hitec E-515/MDA 42 37 28 50 40 24 32
Tolad 246/MDA 35 28 18 38 27 20 31
Ethyl 733/MDA - 51 20 35 28 24 21
Tolad 246/E 733/MDA 55 35 26 60 49 21 32

ppm Water in Fuel

w/Stadis 450 @

25°

31

21
33
18
28
24
16
16

32
27

26
32

-
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TABLE 17

COMPARISON OF CHARGE DENSITIES FROM MST AND
SSET COALESCER, SEPARATOR, AND RECEIVER VESSELS WITH FUEL 77D-3315 1

MST Charge Density

SSET Charge Density
1. Fuel Flow Through
Coalescer
Coalescer
Receiver
2. Fuel Flow Through
Separator

Separator
Receiver

Fuel Conductivity

JP-4 + EGME +

JP-4 + EGME +

Hitec/MDA |
+ 0.4 ppm ‘
ASA-3

JP-4 + EGME Hitec/MDA
-4020 uC/m> -360 uC/m>
+137 " -107 "
-118 " +100 "
-25 -278 "
#3L " ¥2ry "
2.4 CU 11.9 U

104

-6 uC/m3 |

+63 *
-186 "

#2215 = ‘
499 " !

158 CU




TABLE 18

COMPARISON OF CHARGE DENSITIES FROM MST AND
SSET COALESCER, SEPARATOR, AND RECEIVER VESSELS WITH FUEL 77D-3316

JP-4 + EGME +
Ethyl 733/MDA

JP-4 + EGME + + 0.6 ppm
JP-4 + EGME Ethyl 733/MDA Stadis 450
MST Charge Density -82 uC/m3 -8 uC/m3 -100 uC/m3
SSET Charge Density
1. Fuel Flow Through
Coalescer
Coalescer +168 +58 " +80 "
Receiver =172 it =74 " =275
2. Fuel Flow Through
Separator
Separator -63 " -64 " -219 "
Receiver +0 " +44 " +26 "
Fuel Conductivity 2.5 CU 1.2 cv 122 cu

-
e
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COMPARISON OF CHARGE DENSITIES FROM MST AND

TABLE 19

SSET COALESCER, SEPARATOR, AND RECEIVER VESSELS WITH FUEL 77D-3314

MST Charge Density

SSET Charge Density
1. Fuel Flow Through
Coalescer
Coalescer
Receiver
2. Fuel Flow Through
Separator

Separator
Receiver

Fuel Conductivity

JP-4 + EGME +

Tolad /MDA

JP-4 + EGME + + 0.5 ppm

JP-4 + EGME Tolad/MDA Stadis 450

~12.6 uC/um° =558 1Cln" +24.6 uC/m>
+137 " +20 " +85 "
-137 " -70 " -141 "
=40 " =73 U -135 "
+37 11 +19 n +70 L1}
1.2 ¢U 2.0 CU 162 cuU
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Petrolite Tolad 246 + MDA, respectively, presents MST and SSET
charge density results at 70°F. None of the MST results show
trends similar to either SSET coalescer or separator charging.
This lack of correlation is probably due to differences between MST
and SSET filter media and their responses to the fuel-additive
system. Also, because the MST uses relatively small quantities of
fuel, its response is very sensitive to trace fuel impurities and

fuel handling practices.
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SECTION III

CONCLUSIONS

The following conclusions are made on the basis of these
SSET results:

e Conductivity improver additives, Shell ASA-3 or DuPont
Stadis 450, at conductivity levels of nominal 100 CU
or higher, effectively reduce JP-4 charge accumula-
tions generated by coalescer and separator F/S
elements (or by piping and inlet nozzle restric-
tions) regardless of the presence of certain mili-
tary approved additives (FSII, corrosion inhibitors,
antioxidants, or metal deactivator) or their combin-
ations.

e At conductivity levels less than about 30 CU, Stadis
450 increased charge accumulation (i.e. was pro-
static) in SSET coalescer generated, negatively
charged fuel and ASA-3 increased charge accumulation
in SSET separator generated, positively charged
fuel.

e Without conductivity additives, DuPont DCI-4A has
significant pro-static characteristics in both
negatively and positively charged fuel; Hitec E-515
and its combinations with Ethyl 733 or MDA and
Petrolite Tolad 246 + Ethyl 733 with andlwithout MDA
are significantly pro-static with positively charged

fuels. The use of these additives by the USAF may

108
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have contributed to the reported static charge
ignited aircraft fires. Other additives or combina-
tions examined either have little significant effect
on charging or are anti-static.

With the bladder lined foam-filled SSET receiver
vessel, electrostatic charges on incoming fuel
transfer rapidly to the foam surface. Red foam
appears to accept fuel charges more readily than
blue foam but the charges are more rapidly relaxed.

Unusually high concentrations of conductivity addi-
tives may be required to obtain minimum fuel conduc-
tivity of 100 CU because synergistic effects with
some military approved additives (i.e. corrosion
inhibitors, anti-oxidants, or metal deactivators)
reduces the fuel response to conductivity additives.

The MST did not predict the charging performance

of fuels in the SSET.

109




[ SECTION IV

RECOMMENDATIONS

On the basis of these conclusions, the following recommen-

dations are made:

e Because conductivity improver additives significantly
reduced charging regardless of other additive
effects, consideration should be given to the early
introduction of conductivity improver additives
Shell ASA-3 or DuPont .Stadis 450 into USAF JP-4 fuel
system at minimum 100 CU at the aircraft at the
temperature of use.

e Electrostatic effects from charged reticulated foam
surfaces during introduction of charged fuel into
bladder-lined, foam-filled receivers were noted but
not investigated. These effects should be the
subject of future studies.

e Because some additive-fuel combinations require
unusual high concentrations of conductivity improver

) ' additives for static hazard protection of 100 CU
fuel at low temperatures, it is recommended that
fuel-water separability of fuels with conductivities
of 300-450 CU at témperatures of about 70°F be the

subject of future investigations.

————
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APPENDIX

Field Strength Plots and Data Summaries
for Additive and Additive Combination Studies
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